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Scalability and feasibility of photoelectrochemical
H, evolution: the ultimate limit of Pt nanoparticle
as an HER catalystf

E. Kemppainen,® A. Bodin,” B. Sebok,” T. Pedersen,® B. Seger,” B. Mei, D. Bae,”
P. C. K. Vesborg,” J. Halme,® O. Hansen,® P. D. Lund® and |. Chorkendorff*°

The recent surge in investigating electrocatalysts for the H, evolution reaction is based on finding a
cheap alternative to Pt. However platinum’s excellent catalytic activity means very little catalyst needs
to be used. The present study combines model experiments with numerical modeling to determine
exactly how little catalyst is needed. Specifically we investigate ultra-low Pt loadings for use in
photoelectrochemical H, evolution using TiO,—Ti-pn*Si photocathodes. At a current density of 10 mA cm ™2,
we photocathodically evolve H, at +465, +450, +350 and +270 mV vs., RHE at Pt loadings of 1000, 200, 50,
and 10 ng cm™? corresponding to HER overpotentials of #1000ng = 32 MV, 1200ng = 46 MV, fi50ng = 142 mV,
and n10ng = 231 MV. To put this in perspective, if 30% of the world’s current annual Pt production was used
for H, evolution catalysis, using a loading of 100 ng cm™2 and a current of 10 mA cm™2 would produce
1 TWaverage Of Ha. The photoelectrochemical data matched the modeling calculations implying that we
were near the fundamental maximum in performance for our system. Furthermore modeling indicated that
the overpotentials were dominated by mass transfer effects, rather than catalysis unless catalyst loadings

were less than 1000 ng cm™2.

In the last decade there has been an enormous push to find a cheaper, more earth-abundant catalyst than Pt for the hydrogen evolution reaction. This push is
based on the theory that Pt is un-scalable if society would completely convert to a H, based society. Interestingly, there have been relatively few works actually

investigating if and how un-scalable using platinum as a H, evolution catalyst actually is. In this manuscript we take the specific case of using a
photoelectrochemical water splitting device, and determine how little Pt is needed (and thus the scalability) to effectively evolve H, from both an experimental
and a theoretical modeling standpoint. Our experimental results allow us to come very close to achieving our limit imposed by our modeling, but not surpass it.
We feel this verifies the validity of our model, and thus the fundamental limits of Pt for H, evolution in our system. From these results we find that the Pt
consumed/terawatt would be on the order of 10% of the annual worldwide Pt production (depending upon photocurrent and overpotential). Thus this work
should help to quantitatively put into perspective the scalability of Pt for photoelectrochemical water splitting.

Introduction

While we have ways to convert between hydrogen and electricity
(via fuel cells and (photo)electrolysers), there are still several

Currently the primary energy source for electricity and transportation
is from fossil fuels, and the replacement of these fuels by hydrogen
is one of the ways to continue to fulfil society’s energy demand,
while simultaneously reducing greenhouse gas emissions.™?
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challenges that need to be addressed.”™

Renewable hydrogen can be produced using different
approaches, i.e. electrolysis powered by a renewable source of
energy, like wind energy or sunlight. Additionally, an integrated
photoelectrocatalytic (PEC) approach, where solar energy is
directly converted into hydrogen is also a possibility.”™ Nevertheless,
industrial scalability of both technologies requires reduction of
capital costs to obtain hydrogen prices on a $ per J level compatible
to those of today’s fossil fuel prices. It is widely considered that
capital costs of either electrolysers or PEC devices can be
reduced by utilizing cheap and abundantly available materials
to drive the hydrogen evolution reaction (HER) or the oxygen
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evolution reaction (OER) to replace platinum group metals,
which are relatively scarce and expensive.® In particular in the
last 5-10 years fast progress has been made in the development
of nonprecious metal HER catalysts to be implemented into
these clean-energy technologies.””* Nevertheless, to date platinum
is still the most widely used HER catalyst due to its world-record
exchange current density and low Tafel slope. Additionally, Pt is
known to be highly durable in the acidic environments used in
electrolysers or PEC devices.'?

While a low Tafel slope is certainly an important requirement
for HER catalysts used in electrolysers, typically operated at high
current densities (~A ¢cm™?), in photoelectrocatalytic devices
high Pt exchange current density appears to be a more important
criterion when chosen the HER catalyst.” This is due to the lower
current densities of 5-20 mA cm ™%, which PEC devices will operate
at due to solar flux limitations. Furthermore, it is often neglected
in the development of efficient PEC devices that catalysts (HER or
OER) will absorb light reducing the light limited current density
provided by the photon absorber. Consequently, the catalysts
amount used to drive HER or OER in such a device is a critical
issue and significant light absorption by the catalyst material must
be reduced.'®

The best nonprecious metal HER catalysts reported so far
can be separated into different classes of materials such as
sulphides and phosphides, which usually contain transition
metal cations of Mo, Co, Fe, or Ni.>'°"** With an overpotential
of 50 mV to produce current densities of 10 mA cm ™ in acidic
electrolytes, FeP nanoparticles are the state-of-the-art nonprecious
HER catalysts."” Nevertheless exchange current densities are still
an order of magnitude lower than that of conventional Pt HER
catalysts. In general, high loadings are required for these non-
noble HER catalysts to obtain low overpotentials. Hence, cost
savings are lower than would be expected and the high-catalyst
loading required might prevent the use in PEC devices. Indeed it
was recently shown for CoP-modified Si photocathodes that
significantly higher mass loadings (10 times) are required to
achieve fill factors similar to those of Pt-modified electrodes,
which is in agreement with the lower HER activity of CoP.'®
These high loadings of CoP drastically reduced the photocurrent
density due to parasitic light absorption decreasing the overall
efficiency of the Si-based photocathode.'® While this might not be
an issue for small band gap photocathodes on the backside of a
monolithic device, the efficiency will be limited in a design with
a large band gap photocathode and Pt appears to be still the
optimal choice for HER catalysts in these PEC devices.'®"
Additionally the stability of these non-precious metal catalysts
have yet to be proven. The state-of-the-art FeP dissolves rather
fast'” and the reported data on Ni,P and CoP also suggest that
these materials are far from being stable making it a challenge
to utilize them with low coverage.""? It should also be mentioned
that although there is no particular reason to believe Pt should not
be stable under the conditions described here, there could also be
long term issues that have not been realized yet.** Thus even
though these new classes of recently discovered HER materials
are promising alternatives to the conventional Pt-group metals, a
material matching the performance of Pt has not yet been
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reported. Taking this into account Pt appears to be still
the optimal choice for HER catalysts in PEC devices and the
question arises if Pt HER catalysts might be feasible on a TW
level in a PEC device?

With an annual Pt production of 180 ton per year® the Pt
loading necessary to operate a photocathode at moderate current
densities (on the order of 10 mA cm™2),>*' and low overpotentials
(<50 mV) determines the potential for Pt to be used in a PEC
device. Only recently have researchers started to probe the idea
that ultra-low Pt loadings for the HER could make this catalyst
scalable even on the TW level. Dasgupta et al.** used atomic layer
deposition (ALD) to produce Pt nanoparticles on the surface of
TiO,-coated Si microwire arrays. However, due to the procedure
and the substrate used, defining an exact limit for the required Pt
loading appears to be difficult. Thus, the Pt nanoparticle loadings
that were studied ranged from ~ 280 ng cm™ 2 (per geometrical
electrode area) to several micrograms per cm’, and the Pt
nanoparticle size-distribution was loading dependent. Another
approach is to nanostructure or pattern the HER catalyst.>*?*
Chen et al.** investigated patterned Pt structures with different
electrode filling fractions to reduce the parasitic light absorption
effect of HER catalysts.”® While the authors obtained quite
impressive results from these films, the exact loading was
difficult to determine due to surface roughness of the films.

In this work we investigate ultra-low loadings of Pt nano-
particles for scalable photocathodic H, evolution. This approach
differs from the film based approach and allows us a uniform
dispersion of platinum across our electrode. While we use a
cluster-source sputtering approach to optimize the conditions,
there are many methods to produce nanoparticles cheaper via
solution based methods.

In this work we use well defined, size-selected Pt nanoparticles
(diameter of 5 nm). The photoelectrocatalytic performance of
planar TiO,-protected n'p-Si photocathodes in acidic solutions
was investigated experimentally. Furthermore, a model combining
the effects of mass transport, equilibrium hydrogen coverage and
HER kinetics was used to describe the current-overpotential
characteristics of these planar Si-photoelectrodes partially covered
with Pt HER nanoparticles. The effect of mass transport and HER
kinetics on the catalytic properties of individual Pt particles and
the photoelectrode assemblies were assessed by this model and a
good agreement between the experimental and theoretical data was
obtained. Thus, using a combined experimental and theoretical
approach the Pt HER catalyst amount needed for TW scale-up was
assessed. The data provided here shows the dependence of Pt
nanoparticle loading on overpotential for hydrogen evolution. For
an acceptable HER overpotential of 50 mV, 54 tons of Pt metal,
corresponding to a coverage of 100 ng cm > Pt (d = 5 nm) on a
planar electrode, is required to achieve a TW scale-up with a PEC
device operated at 10 mA cm™ > (12% solar-to-hydrogen efficiency).
If larger overpotentials for HER are feasible, even lower Pt
utilization is possible. This works shows that the use of Pt
nanoparticles HER catalyst may potentially be a viable option
for terawatt scale PEC applications.

It should be noted that for any PEC device, there needs to be
a corresponding anodic reaction. While understanding these

This journal is © The Royal Society of Chemistry 2015
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anodic reactions (such as O, evolution) is important, this work
only focuses on photocathodic H, evolution and its corresponding
overpotential and does not analyse anodic reactions or their
corresponding overpotentials. For readers interested in how
overpotentials at both electrodes effect photocatalytic efficiency
we refer to the excellent review by Walter et al>® and more
recent works by Hu et al.>® and Seitz et al.””

Experimental
Preparation of TiO,-protected Si-based photocathodes

TiO, protected silicon photocathodes with n*p junctions were
produced as in our previous work.'%?

Preparation of Pt nanoparticle and electrochemical
characterization

Mass-selected Pt nanoparticles were produced in a five-step process
by (1) sputtering a Pt target with Ar'-ions in a magnetron sputter
head, (2) allowing the sputtered Pt to condense into nanoparticles
in a LN,-cooled “aggregation zone”, where both He and Ar
was present to facilitate faster aggregation,”® (3) super-sonic
expanding the nanoparticles from the aggregation zone into UHV
through an aperture and into an electronic lens system, which
focuses the negatively charged particles into a narrow beam, (4)
mass-selecting the nanoparticles in a lateral time-of-flight mass-
selector,’® and (5) landing the particles on the substrate.

The particle production was conducted in a Nano-Beam
2011 nanoparticle source (Birmingham Instruments Inc.) with
a base pressure in the low 10~*° mbar range, which is connected
to another UHV system (Omicron NanoTechnology), wherein
the nanoparticles are deposited. This latter chamber is equipped
with characterization techniques such as XPS (SPECS XR 50 X-ray
gun coupled to Omicron NanoSAM 7 channel energy analyser), ISS
(Omicron ISE100 ion gun) and SEM (ZEISS UHV-Gemini Supra),
and has a base pressure in the low 10~ ' mbar range. For further
details about the preparation of mass selected nanoparticles see
Hernandez-Fernandez et al.*"

Platinum particles having a mass of 850000 amu were
deposited on the planar TiO,-protected Si photocathodes with
calculated loadings of 10, 50, 200 and 1000 ng cm™ >, respectively.
The deposited photocathodes were characterized in UHV with
XPS using Mg Ka radiation. Furthermore, one additional sample
for each loading was made, for investigation with SEM. The
10 ng cm 2 sample was also investigated with ISS, in order to
verify that Pt was on the surface.

The mass of 850000 amu was chosen for the time-of-flight
mass-selector because it corresponds to a particle diameter of
5 nm. The size distribution of the deposited nanoparticles was
determined with ex situ TEM imaging (Tecnai T20 G2) with
samples prepared on TEM grids under the same deposition
conditions as the photocathodes. (Higher resolution TEM
images can be found in the ESIt.) The size of the nanoparticles
on the pictures was examined using the software Image]. Only
particles with circularity between 0.8-1 were analysed in order
to avoid taking into account particles that were landed on top of
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each other. SEM images were taken of one sample of each
loading. The images were obtained with an acceleration voltage
of 7 kv, and a beam current of 400 pA with an in-lens detector,
which detects almost exclusively secondary electrons in order to
visualize the topography of the surface.

All Pt wires were cleaned immediately before use in photo-
electrochemical testing. Cleaning consisted first of a 15 second
rinse in fresh aqua regia, then thorough washing in millipore
water. Finally the electrodes were flame annealed.

For the photoelectrochemical measurements, a Bio-Logic
VSP potentiostat along with EC Lab software was used. The
photoelectrochemical H, evolution experiments were performed
in a three-electrode cell with an H-cell design and a glass frit
between the working and counter electrode compartments to
prevent any crossover. The experiments were carried out in an
aqueous 1 M HCIO, (Aldrich 99.99%) solution. The electrolyte
was cleaned overnight using a chronoamperometric measurement
with two Pt mesh electrodes used as working and counter electrodes.
For PEC measurements a Pt mesh counter electrode and saturated
Hg/HgSO, reference electrode (VWR International) were used. The
solution was saturated with hydrogen gas 30 minutes before the start
of any experiment, and for the entire duration of the experiment.

A 1000 W xenon lamp (Oriel) was used with a 635 nm cut-off
filter and an AM1.5 filter to simulate the red part of the solar
spectrum. The light intensity reaching the sample was calibrated
to match that of the total light intensity of the red part of the
solar spectrum (1 > 635 nm, 38.6 mW cm ). For all cyclic
voltammograms (CV’s) the electrodes were scanned at a sweep
rate of 50 mV s~ . The 3rd anodic sweep is shown in all graphs.
The actual loading of Pt nanoparticles was verified using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS, iCAP-
QC ICP-MS, Thermo Fisher Scientific) after dissolving the size-
selected Pt nanoparticles in aqua regia solution. For all samples,
the ICP-MS results closely matched that determined from the
cluster source deposition.

Simulation details

All calculations were done for a model system where spherical Pt
nanoparticles of 5 nm diameter were simulated. It was assumed
that each Pt nanoparticle was embedded 0.25 nm into a 100 nm
thick TiO, substrate (Fig. 1). This means that 95% of its (free sphere-)
surface area was exposed to electrolyte. The conductivity of the TiO,
substrate was assumed to be 1 S m~",** corresponding to slightly
reduced TiO, but it could be much lower without affecting the
modelling results (Table 1). The electrode was assumed to be an
array of identical unit cells, so to simplify calculations it was
simulated as a single Pt particle in a 2D cylindrical unit cell,
corresponding to a diffusional domain approximation with uniform
particle spacing.>*** Periodic boundary conditions were replaced by
zero-flux boundary conditions at the outer edge of the cell, whose
area (i.e. radius, Ren) corresponds to the average Pt loading (Lp) over
the electrode area.

4rm3ppt
=5 1
2 3Lp M
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Fig. 1 (A) Detail of the model geometry near the Pt particle. Symmetry axis is

atr = 0 and the vertical line at r ~ 30 nm is the outer wall of the simulation cell
(Pt loading is 50 ng cm™~2). The TiO, substrate continues to z = —100 nm and
electrolyte to z = 100 um. (B) The properties of the simulated unit cell. The
black line shows the average center-to-center distance of the platinum
nanoparticles as a function of the loading. The solid blue line shows the ratio
of Pt surface area to the geometrical electrode area (f,s) and the dashed blue
line the fraction of the electrode area covered with Pt (fgeom)-

where d,. . is the average center-to-center distance between nearest
neighbor nanoparticles, rp; the radius of the nanoparticles
(2.5 nm), pp, the density of Pt (21.45 ¢ cm™*) and Lp, the amount
of Pt per electrode area (10-1000 ng cm™>). As shown in Fig. 1 a
Pt loading of 10 ng cm™> corresponds to an average center-to-
center d._. of 134 nm, while a Pt loading of 1000 ng cm >
corresponds to about a 13.4 nm distance. For comparison,
simulations were performed for a TiO, film covered with a
2.5 nm thick uniform Pt film, later referred to as “flat Pt”.
The radius of the simulation cell was set to 50 nm in that case.

The current density ipygeom Was calculated by integrating the
local current density at the Pt surface over the exposed surface
area and dividing it by either the exposed Pt area (Ap;) or the
area of the unit cell (Ageom)-

The steady state was calculated with a transient simulation
starting from equilibrium conditions at 0 V vs. RHE. The
concentration profiles took at most about 10 seconds simulation

Table 1 Material properties and simulation parameters
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time to converge to steady state, and all simulations were run for
20 s simulation time to ensure steady state. IV-curves were
calculated using the state at the last calculated time point.

To facilitate comparisons between simulated overpotential
and measured IV-curves of the whole devices, the effect of the
silicon PV cell was simulated with the IV-curve of an ideal PV cell

qeV
I = ipp + Irec (enkBT - 1)

where ipy, is the photocurrent density (and in this model also the
short circuit current density), #.. corresponds to recombination
rates in the device, V is the photovoltage, and  is the ideality factor.
With PV cells made of silicon diffusion current (n = 1) dominates
the IV curve near the open circuit voltage, so n = 1 was used to
simulate the losses in the PV device.*® Under the chosen
illumination (1 > 635 nm, 38.6 mW cm °) the maximum
photocurrents of the measured Si-based photocathodes were
determined to be between —22 and —22.4 mA cm 2 and the
average open circuit voltage was 0.495 V vs. RHE in agreement
with previous reports on similar Si-based photocathodes.>®
Therefore, ip, and V = Voc were chosen to be —22.0 mA cm 2
and 0.495 V vs. RHE (ixec = 9.8196 x 10~° mA cm™?), respectively.
The material properties and simulation parameters used in this
work are summarized in Table 1 (for further information about
the simulations, e.g. the hydrogen evolution kinetics see ESIT).

)

Results and discussion
Characterization of size-selected Pt nanoparticles

TEM images of the Pt nanoparticles were taken from different
areas of the Cu TEM grids they were deposited on, and the
resulting size distribution along with a close-up picture of typical
particles (Fig. 2A) is shown in Fig. 2. According to the determined
size-distribution, the average particle size is 5.0 = 0.3 nm.

Symbol Explanation Value
T Temperature 298.15 K
he Electrolyte diffusion layer thickness 5 pm
hrio, TiO, layer thickness 100 nm
Orio, Conductivity of TiO, 1Sm '3
bt Pt particle diameter 5 nm
Pot Pt density 21450 kg m *%
Opt Pt conductivity 9.43 x 10° S m™*'3°
lo,v Volmer reaction exchange current density 100 mA cm23%¢
H Ratio of Heyrovsky and Volmer rates 0%°
rr Ratio of Tafel and Volmer rates 9.5
o° Equilibrium H-coverage 0.67°7
Chip Bulk proton concentration 1.0 M
€0 Bulk H, concentration 0.7698 mM>®
Dy Proton diffusion coefficient 9.3110 x 10 ° em? s **°
Dcio,- Perchlorate ion diffusion coefficient 1.7908 x 10°° cm? s 1%°
Dy, H, diffusion coefficient 5.1100 x 10> ecm? s %%
i Proton mobility 3.624 x 102 cm® (V) '%
110, Perchlorate ion mobility 6.970 x 10 * em? (Vs) %
iph Si PV-cell photocurrent density —22.0 mA cm 2
Voe Si PV-cell open circuit voltage 0.495 V vs. RHE

Recombination current density

2994 | Energy Environ. Sci., 2015, 8, 2991-2999
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Fig. 2 Characterization of size-selected Pt nanoparticles: (A) size-distribution of the deposited Pt nanoparticles determined by bright-field TEM imaging
and Gaussian distribution fitted to the data (red curve). The inset shows a close-up of typical particles. (B) XPS spectra of Pt 4f peaks for different particle
loadings. (C) ISS spectra of a sample with 10 ng cm™2 Pt loading confirming the successful deposition of Pt particles.

Furthermore, Pt nanoparticles deposited on TiO,-protected
Si photocathodes were investigated by XPS. Wide range survey
spectra only showed O, Ti, C and Pt on the surface of the
samples confirming that the Si surface was fully covered by a
TiO, film (Fig. S2 in ESIY).

Detailed spectra of the region around the Pt 4f peaks taken
in case of each loading are shown in Fig. 2B.

The Pt 4f peak is decreasing with each loading and finally
disappears in case of the 10 ng cm > Pt loading due to the low
loading, which is below the detection limit of XPS. However,
significant catalytic activity and reasonably low overpotentials
were determined for the sample with 10 ng ecm™> Pt loading,
meaning that Pt contaminations (e.g. during catalyst preparation
or from the electrolyte) below the detection limit of XPS could
significantly contribute to the activity of presumably Pt-free
materials. Thus, XPS analysis is certainly not a reliable way to
prove the absence of Pt in non-noble metal catalyst used in ORR
or HER reaction and surface spectroscopic methods with much
higher sensitivity are required to unambiguously show the
absence of trace amounts of noble metals like Pt. Here, in order
to have spectroscopic evidence for the successful deposition of
10 ng cm ™ Pt on TiO,-protected Si photocathodes, the sample
was further investigated using ISS. The peak at approx. 927 eV
can clearly be assigned to Pt (Fig. 2C). The intensity of the signal
suggests that even lower Pt loadings can be easily identified
using ISS which makes ISS more suitable for detecting trace
amounts of Pt in non-noble metal catalysts.

Finally, each of the 4 different loading Pt samples were
investigated with SEM. Pt particles can be seen as bright dots
on the rough TiO, substrate, and the differences in coverage’s
are clearly distinguishable (Fig. 3).

Photoelectrochemical hydrogen evolution with size-selected Pt
nanoparticles on TiO,/np*-Si photocathodes

The mass-selected Pt nanoparticle (d = 5 nm) modified TiO,-
protected Si photocathodes with Pt mass loadings of 10, 50, 200
and 1000 ng cm > (confirmed by ICP-MS) were tested in
photoelectrochemical hydrogen evolution in acidic electrolyte.
The respective IV-curves of the four different samples are shown
in Fig. 4. For all samples an open-circuit photovoltage (V) of
495 + 4 mV and a light-limited photocurrent of ~22 mA cm >

This journal is © The Royal Society of Chemistry 2015

Fig. 3 SEM micrographs of four samples of different Pt nanoparticle
loading. The particles in the lowest-loading image are marked by arrows.

was obtained. These values are in good agreement with our
previously reported TiO,-protected Si photocathodes modified
with Pt nanoparticles using a conventional drop casting procedure
of a Ptsalt solution.?**® Furthermore, the results indicate that
light blocking due to the HER catalyst is completely circumvented
in these experiments."

For comparison of the different Pt mass-loadings the over-
potential # (defined as Voe — Vipmaem-2) Necessary to drive a
current density of 10 mA cm™> will be used as a figure of merit.
The overpotentials required to achieve 10 mA cm ™2 are highly
dependent on the Pt nanoparticle loading. With the highest Pt
loading (1000 ng cm™?) 1000ng = 32 MV was obtained, which
is also in good agreement with similar previously reported
Si-based photocathodes modified by drop casted Pt nanoparticles
or compact Pt films.>**® With lower loadings the required over-
potential increases and overpotential of 1y0ong = 46 MV, #50ng =
142 mV, and #,0ng = 231 mV were measured, respectively.

One issue we did find with the ultra-low loading Pt samples
was that even after extensive cleaning, there were still issues

Energy Environ. Sci., 2015, 8, 2991-2999 | 2995
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Fig. 4 Measured /V-curves of 10, 50, 200 and 1000 ng cm~2 Pt loadings
on TiO,-covered p*lpln*-Si PV cell (black lines) and the simulated
IV-curves for the same loadings including the calculated HER overpotentials
(n) (green dashed lines). The /V-curve for an ideal PV cell with n = 1 (grey
dashed line, egn (2)) is shown for comparison.

with contamination during photoelectrochemical testing. This
was attributed to the epoxy resin encasing the photoelectrode.
As expected, the issues due to contamination worsened with
decreasing loading. Nevertheless for all of the samples shown
in this work, at least 5 stable scans were completed before any
noticeable drops in performance were measured. However, due
to these contamination issues, we could not accurately do long
term testing such as chronoamperometry measurements.

Simulations

Effects of Pt loading on HER overpotential. To fully describe
the experimental behaviour observed the IV-curves for the different
Pt nanoparticle loadings were simulated using a ratio of Tafel and
Volmer rates (rr) of 9.5 and a diffusion layer thickness of 5 um (for
further explanation see text in ESLi and Fig. S4 and S7). The
comparison between the simulated IV-curves revealed that the
simulation describes the trend for the different Pt nanoparticle
loadings quite well (Fig. 4, green). For the lowest Pt nanoparticle
loading (10 ng cm >, Fig. 4A) the measured IV-curve is described
accurately at low overpotentials and low current densities. Hence,
the exchange current density assumed in the simulations is close
to the real exchange rate, which is supported by simulations for
different exchange current densities (Fig. S7, ESIf). In case of
highest Pt nanoparticle loadings (200 ng cm > and 1000 ng cm ™2,
Fig. 4C and D) the calculations, however, slightly overestimated
the HER overpotential initially at low current densities, which
was most likely due to differences between true and simulated
mass transport conditions (see next section and Fig. S5, ESIT). For
the two low Pt nanoparticle loadings (10 ng cm™ > and 50 ng cm ™2,
Fig. 4A and B), HER reaction kinetics is a major part of the total
overpotential. Therefore, the effects of reaction kinetics and mass
transport were thoroughly analyzed.
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Independent of the Pt nanoparticle loading, the deviation of
the calculated overpotential and the experimental data increases
with higher current densities and the simulation clearly under-
estimates the experimental HER overpotential. The difference
between calculated and measured IV-curve at current densities
higher than 15 mA cm™> may be related to ideal PV cell
characteristics overestimating the fill factor compared to the
real silicon PV device used in the experiment.

HER mass transport losses. To elaborate on the differences
between measured and calculated IV-curves, the effect of mass
transport phenomena on the simulated IV-curves (dashed green
curves in Fig. 4) for the different Pt nanoparticle loadings was
further explored. To analyze the effects due to mass transport
losses we can write the overpotential as followed:

Ntotal = YKinetic T HmT 3)

where #ora1 iS the total overpotential and #ginetic and nyr are the
losses due to kinetic and mass transfer, respectively. While
losses due to mass transfer are not typically thought of as
overpotentials, denoting it this way allows us to directly compare the
kinetic and mass transfer losses. Although this direct summation of
the two components appears convenient, it is accurate only with
small current densities, because eqn (3) is an approximation based
on the Taylor expansion of Butler-Volmer equation.’® However,
both total and mass transport overpotential could be determined
accurately (eqn (S5b) and (S11b)) and the relative significance of
mass transfer and reaction kinetics could be distinguished.

Fig. 5A shows the average current density, normalized by the
geometric electrode area iy as a function of total overpotential
(solid lines), and pure mass transfer overpotential for the different
Pt nanoparticle loadings used in Fig. 4. The mass transport over-
potential was determined almost completely by H, concentration,
because the changes in the surface concentrations of protons and
H, were similar (both due to HER and mass transport), but the
equilibrium concentration of H, was small compared to the proton
concentration, and therefore it dominated the Nernst potential.

The dashed lines in Fig. 5A overlap, which illustrates that
mass transport losses are almost independent of Pt loading. The
losses increase slightly when loading is decreased, but in all cases
they correspond to approximately the same H, transport rate. The
fact that mass transfer losses are basically independent of Pt
loadings can be rationalized by realizing that the H, molecules
have to travel a much longer distance in the axial direction (about
5 um, see Fig. S5, ESIt) than the distance between two neighboring
Pt particles (134 nm for 10 ng cm™>).

Although the H, transport rate in simulations for Fig. 4 and 5
was unusually high, it explains the total overpotential with
1000 ng cm™ 2 better than our initial estimate that was based on
typical literature values (Fig. S5, ESIT).**** The cause of high mass
transport rate may be associated to the potential sweep rate used
in the photoelectrochemical hydrogen evolution experiments,
which was partly necessitated by contamination and performance
drop with low loadings (for further details see ESIT).

Fig. 5B illustrates what fraction of the total overpotential is
due to mass transfer, and it is evident that with 1000 ng cm 2,
even with the high mass transport rate, mass transport losses

This journal is © The Royal Society of Chemistry 2015
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losses (i.e. perfect catalysis). Solid lines indicate i—V curves of total overpotential (i.e. mass transfer losses plus kinetic losses). (B) The fraction of mass
transport overpotential of the total overpotential. The grey lines in both (A) and (B) correspond to a flat Pt surface.

correspond to more than half of the total overpotential up to
about 20 mA cm ™ current density (25 mV total overpotential).

Considerations of Pt consumption for efficient PEC hydrogen
evolution devices

Using the experimental and theoretical results obtained for the
well-defined, mass-selected Pt nanoparticle modified photo-
cathodes investigated in this study, the Pt consumption depending
on an affordable overpotential for hydrogen evolution can be
defined based on the calculated IV-curves. The amount of H,
needed to be produced if society switches to a completely sustainable
future is unknown, but it will most likely be in the terawatt range.
The average PEC power density is calculated using:

Pae =0.15 X 1 x 1.23V = 0.1854V x i (4)

where 0.15 is the capacity factor of sunlight and  current density. A
capacity factor of 0.15 is a conservative estimate and usually a
capacity factor of 20% is suggested by NREL.** For 10 mA cm >
this yields an average power (H, generation rate) of 18.54 W m ™2,
or 1.854 mW cm™ 2. The required area per TW is given by:

TW 542000 km?

Atw=1l—=—-—-—+
™ Pys  i[mA cm™2

(5)
The required area can be calculated to be 54 200 km” and 27 100 km*
for 10 mA ecm™? and 20 mA cm™ >, respectively. Finally, Pt
consumption is calculated by multiplying the area per TW by
the Pt loading.

Depending on the acceptable overpotential the total Pt
consumption can finally be calculated (Fig. 6). While the exact
numbers for irradiation, capacity factor, and efficiency can be
debated, the current numbers allow an order of magnitude
determination of the feasibility of using Pt in photoelectrochemical
devices and although some simulation parameters might not
correspond to the actual reaction kinetics, they provide a
reasonably good fit to experimental results for current densities
up to 20 mA cm™ >,

For a photocathode covered with a compact Pt film the
overpotential to achieve a current density of 10 mA cm 2 in the

This journal is © The Royal Society of Chemistry 2015

simulated conditions is 9 mV, while for high Pt nanoparticle
loadings of 1000 ng cm ™2, 12 mV overpotential is required. The
portion of mass transport losses is about 6.5 mV, so higher Pt
loadings will not significantly improve the photoelectrode
performance (Fig. 5) and a Pt loading of 1000 ng cm™> can be
considered as a compact Pt film electrode with negligible kinetic
losses. Therefore, in a photoelectrochemical device with minimal
overpotential losses, Pt nanoparticle loadings of 1000 ng cm™> are
sufficient for standard illumination conditions (AM1.5) and the
total Pt consumption would be 542.4 tons per TW. On the other
hand, if an increase in overpotential to 50 mV, which is well
within the range of a good non-noble metal HER catalyst,"**"" is
acceptable due to a sufficient photovoltage, the Pt consumption
drops by an order of magnitude to about 100 ng cm ™2, corresponding
to 54 tons per TW,,, (for Pt nanoparticles with d = 5 nm).

-300
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—e— 10 mA/cm?
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—e— 20 mA/cm?
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Fig. 6 Overpotential as a function of Pt loading for current densities in the
range from 5-20 mA cm~2. The inset the total Pt consumption to reach 1 TWayg
of water splitting as a function of overpotential using a capacity factor of 15%.
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For comparison, the total global mining production of Pt is
around 180 tons per year and the annual net consumption for
jewelry and automotive catalytic converters are ~70 ton and
~ 65 ton respectively. In this light, the use of Pt in an efficient
PEC system might be feasible even on a TW scale.>***** The
total energy demand could realistically be an order of magnitude
larger (10 TW) but the investment will also be distributed over
many years and furthermore Pt can be recovered.

When platinum is compared to the scalability of other
well-known non-noble metal HER catalysts (Table 2), such as
MoS,,*® CoP,"* Ni,P,'" and FeP'’ it appears to be one of the
most scalable. In Table 2 we assumed a photoelectrolysis
capacity factor of 15% for all materials and used 2010 materials
production data.® In most cases the metal would be the limiting
factor in production, however for FeP it would be the phosphorous.
An overpotential of 75 mV was used because all of the optimal
catalysts have data at this point. Choosing a lower overpotential
would increase the amount of catalyst needed per TW for all of the
materials, but it would have the least effect on Pt since it has the
lowest Tafel slope. For our Pt data we used the modelled value at
50 ng cm~ > because at that loading we can reach the order of
magnitude of current (~10 mA cm™?) that will be needed in a
photoelectrolysis device. It should be noted that if we used our
experimental values at 50 ng cm 2 in Table 2, the amount
needed would be slightly higher, but would still be relatively
low in comparison to MoS,, CoP, and Ni,P.

An important thing to consider when reviewing Table 2 is to
realize that the value for Pt is extremely optimized whereas materials
such as MoS, and phosphides still have a much larger potential to
be optimized by nanoscaling and better dispersion. While FeP
appears very promising from Table 1, it has severe durability issues
(doubling of overpotential within ~16 hours) thus limiting its
current applicability. Since FeP has only recently been discovered,
it is unknown whether these durability issues are fundamental or
are simply a technical barrier that can be overcome.

In the present model, Pt nanoparticles with a diameter of
5 nm are assumed. It should be noted that the particle size also
affects the overpotential for a given Pt loading: for larger
particles less surface area per mass unit is available, so local
current densities are higher and higher kinetic overpotentials
are expected for the same mass loading. Correspondingly, the
overpotential will decrease as the Pt nanoparticle diameter
decreases and less Pt is needed to match a given overpotential
for any current density. This effect is highlighted in Fig. S7
(ESIt) for Pt nanoparticles with different diameters (d = 2, 5,

Table 2 Current state-of-the-art H, evolution catalysts and what percent
of the global production (2010 values) would be needed to produce 1 TW
worth of H, at an overpotential of 75 mV and 15% capacity

@75 mV g % of Annual
Catalyst Ref. (mA mg™) production/TW
MoS, 46 0.6 2200 (of Mo)
CoP 12 6.5 670 (of Co)
Ni,P 11 1.5 220 (of Ni)
FeP 17 48 0.13 (of P)
Pt This work 171600 16
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and 10 nm). However, this will come with a cost of stability as the
surface energy will go up with decreasing diameter and the particles
will be more prone to sintering and corrosion.”” Durability is an
issue that we have not analyzed with respect to platinum’s practical
feasibility. Whether the Pt consumption/terawatt for a PEC water
splitting device will be stable/durable for 1 month, 1 year or 10 years
would obviously be of critical importance.

Interestingly, this approach of reducing the catalyst loading
having well-dispersed nanoparticles may not work for a photo-
anode. In case of photoanode protection with TiO, thin films
we have recently shown that band bending in TiO, protection
layers should be avoided and a pinch-off effect will occur when
using nanoparticular OER catalysts.*® Thus, even if another less
scarce OER catalyst than IrO, applicable for water oxidation in
acidic environment will be found, the well-dispersed nano-
particle approach would not work using TiO, protection layers.
Unfortunately, except for compact IrO, thin films, TiO, protection
layers, currently are the only known protection layers suitable in
these conditions.?*?%*%3% On the other hand photoanode
protection might be easier in alkaline electrolyte and NiO thin
films might be most promising.>*

Conclusions

In this work an experimental and theoretical approach was used to
address the scalability of a photoelectrochemical device to the TW
level using a TiO,-Ti-pn'Si photocathode as stable photon absorber
and Pt as hydrogen evolution catalyst. The experimentally deter-
mined dependence of the HER overpotential with Pt nanoparticle
loading was reproduced in the modelling approach. Thus,
effects of mass-transport and hydrogen evolution kinetics could
be investigated and the modelling results could be utilized to
connect the Pt loadings and overpotentials required for hydrogen
evolution. The presented data clearly shows that for an acceptable
overpotential of 50 mV, which is the current state-of-the art over-
potential for non-noble metal HER catalysts (FeP. 1 mg cm™>), only
100 ng ecm ™2 of Pt or 54 tons per TW,,s are needed to scale-up a
PEC device to the TW scale. Thus, this work demonstrated that
30% of the world’s current annual Pt production could be utilized
to achieve a 1 TW,,, worth of H, generation (assuming current
densities of 10 mA em™? and a capacity factor of 15%) at over-
potentials of 50 mV (Pt nanoparticles d = 5 nm).
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