Science Advances

RAVAAAS

advances.sciencemag.org/cgi/content/full/6/25/eaba7678/DC1

Supplementary Materials for

Operando detection of single nanoparticle activity dynamics inside a model pore
catalyst material

David Albinsson, Stephan Bartling, Sara Nilsson, Henrik Strom, Joachim Fritzsche, Christoph Langhammer*

*Corresponding author. Email: clangham@chalmers.se

Published 19 June 2020, Sci. Adv. 6, eaba7678 (2020)
DOI: 10.1126/sciadv.aba7678

The PDF file includes:
Sections S1 to S6
Figs. S1 to S15
Legend for movie S1
References

Other Supplementary Material for this manuscript includes the following:

(available at advances.sciencemag.org/cgi/content/full/6/25/eaba7678/DC1)

Movie S1



1 Nanoreactor Platform
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Fig. S1. Schematic illustration and technical drawing of the complete setup (upper image)
and connection block (lower image) that hosts the nanofluidic chip under the microscope.
Part A is manufactured in stainless steel and provides the gas connections to the chip that is
pressed against four FPM O-rings. Electrical contacts for resistive heating and a 4-wire RTD
sensor are realized with electronic spring pins embedded in part B made out of machined
ceramic.
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Fig. S2. Process flow for the nanofabrication of the chip onto a thermally oxidized Si
wafer with 200 nm oxide. A) Nanofluidic model pores are patterned using EBL and etched
using RIE to 100 nm depth. B) Microchannels are patterned using photo-lithography and etched
using DRIE. C) Holes are patterned using photo-lithography from the backside and etched
using DRIE. D) A heater pattern is defined on the backside of the chip using photo-lithography
and deposited using electron beam deposition of 10 nm Cr followed by 100 nm Pt. e)
Nanoparticles are defined in resist using EBL and deposited using electron beam deposition of
the desired material. F) A glass lid is bonded to seal the chip.
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Fig. S3. Nanofluidic chip design. A) Drawing of the chip with the microfluidic system shown
as blue lines. The cross-sectional dimensions of these microchannels are 60 x 150 um to allow
for fast gas exchange. B) Zoom-in on the nanofluidic system located at the “tip” of the chip
and connected to the microfluidic channels. It is comprised of six parallel nanofluidic model
pores with cross-sectional dimensions as indicated in the figure. C) Drawing of the backside of
the chip with the resistive Pt thin film heater (yellow) and resistance thermometer (purple). D)
Overview of the six model pores decorated with different constellations of nanoparticles. E)
Zoom-in sketch of a model pore filled with arrays of identical nanoparticles. F) SEM
micrographs of a Cu nanoparticle array and of a single Cu nanoparticle placed in narrowest
region of the model pore. G) Zoom-in sketch of a model pore filled with a single row of
identical particles.



2 Experimental system characterization

Molecular Flow rate

To characterize the gas flow through the chip and the model pores we have performed several
experimental tests and theoretical calculations to reveal the flow- and pressure characteristics.
For the experimental flow measurements, the inlet pressure of pure Ar was kept constant. The
gas flowing through the chip was then allowed to fill up a closed volume (4.97 x 10° m?),
connected to the outlet of the chip, that had been evacuated before the experiment. The
corresponding pressure rise with time was then monitored using a Pirani gauge. In Fig. S4 the
increasing pressure is plotted as a function of time for three different inlet pressures. Using the
ideal gas law the molecular flow into a known volume can be calculated as:

) vV dp,(t)
N(t) = T dr

(SD

with N(t) being the number of gas molecules entering the system per unit time, p,(t) the
pressure in the fixed volume, V the fixed volume, kz the Boltzmann constant and T the absolute
temperature. In addition to the Ar flow through the model pores the leaking trough the O-rings
contributes to the measured flow of gas molecules entering the system and corresponds to about
10° molecules/s. The measured flow rates through the model pores span 4 x 10! — 8 x 10!!
molecules/s for inlet pressures in the range of 2 — 4 bar.

Gas residence time in Nanoreactor

The residence time of reactants inside a model pore was estimated based on the volume of a
model pore (Venannner) and the volumetric flow rate (Qchanner) through each pore. Assuming a
total pressure of 2 bar and an operation temperature of 500 K, the residence time was calculated
as

— Vchannel

Qchannel,
where Vipanner = 254 um? and Qchanner was found via the ideal gas law as

__ nkpT _ ums3
channel — p = 3450 s °

where 1 = 1 X 10! s~ is the molecular flow rate, kz is Boltzmann’s constant, P = 2 bar is
the pressure and 7'= 500 K is the temperature, leading to T = 0.07 s.
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Fig. S4. Flow through the nanofluidic chip. A) Schematic depiction of the experimental setup
for flow characterization through the nanofluidic chip. A constant pressure, Pi,, is set on the
inlet side of the chip while the outlet is connected to a closed known volume, V. The pressure
in the closed volume is monitored over time and is presented for three different inlet pressures
in (B). The slope of the pressure increase can be converted to a molecular flow (eq. S1), which
is presented for the three sets of inlet pressures in panel (C).
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Fig. S5. Temporal response of a nanoreactor with Au-Pd hybrid nanostructures. A) The
top panel shows the set gas concentration of O2 and CO over time together with the measured
chip temperature. A continuous flow of 2% CO and 3% O» was established through the system.
Then, the chip temperature was increased from 323 K to 648 K in approximately 5 seconds.
This temperature increase results in a significant increase in the catalytic activity of Pd,
resulting in an increased CO oxidation into CO2. The QMS response of CO, Oz and COsz is
presented in the bottom panel. A clear increase in CO; production is seen within 12 s, together
with a corresponding decrease in CO and O.. B) To measure the gas exchange delay and time
constant of the setup, a step of CO and O» was set on the mass flow controller, as shown in the
top panel. The corresponding QMS response is presented in the bottom panel, where a ca. 10
min delay is observed.
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Fig. S6. Calculated pressure profile. (A) The pressure profile across the nanofluidic chip
calculated using a model for the whole Knudsen regime, presented as a function of fluidic
system length The colors correspond to the six parallel model pores illustrated in (B), with its
different regions indicated by Roman letters i-v. Due to the different total lengths of the six
model pores, flat regions have been added to the pressure profile (top panel) to better be able
to compare the pressure profile in the central parts of all model pores. (B) Schematic of the
nanofluidic system containing the model pores (colored) with regions marked in Roman letters
to indicate the locations also defined in (A).



3 Hydrogen sorption by single Pd nanoparticles

By tracking the individual dark field scattering spectra of the strongly scattering Au
nanoantenna placed adjacent to a more weakly scattering Pd nanoparticle, changes in the Pd
particle can be detected. Specifically changes in permittivity and volume expansion of Pd when
undergoing the first order phase transition to the hydride results in a distinct change of the
scattering cross-section of the Au-Pd hybrid nanostructure. This hydride formation phase
transition occurs readily in Pd at ambient conditions(44). During absorption, H» dissociates on
the Pd surface and subsequently occupies surface, subsurface and interstitial lattice sites
according to their specific energetics(45). In the bulk, at low hydrogen partial pressures, the
hydrogen atoms form a solid solution (a-phase). Then, at each temperature below the critical
temperature, there is a pressure at which the chemical potentials of hydrogen in the gas phase,
a-phase and hydride (B-phase) are equal, and the first-order transition to the B-phase is initiated
and manifested as a plateau in a pressure composition isotherm. Depending on the exact
relative position of the Au antenna and the Pd particle undergoing a phase transition, the optical
response can vary significantly.(26) Here, we choose to rely on the change in the full width at
half maximum (FWHM) of the scattering peak, in contrast to the more typically used peak
position change (Ap). This is based on the fact that the FWHM signal is less sensitive to long
term drift, as well as gives a larger signal-to-noise ratio compared to the corresponding change
in Ap in our system (Fig. S7 and Fig. S8 for FWHM and Ap responses, respectively).
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Fig. S7. Hydride formation in single Pd nanoparticles at different hydrogen partial
pressures. Hydrogen sorption induces a first order phase transformation at a critical hydrogen
partial pressure where hydride formation occurs. This transformation then induces a change in
optical response of the Pd nanoparticle — here expressed as a change in the full-width-at-half-
maximum (FWHM) of its scattering peak. The color code depicts different single nanoparticles
placed along the nanofluidic model pore and measured simultaneously, as indicated in the
schematic to the right. The arrow indicates flow direction. Pulses of H> gas supplied at different
partial pressures are indicated by the gray shaded areas with the estimated (using the
calculations described above) Hx partial pressure at the center of the pore indicated in the top
X-axis.
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Fig. S8. Hydride formation in single Pd nanoparticles at different hydrogen partial
pressures. Same as Fig. S7 but with the single particle optical response expressed as a change
in the LSPR peak position (Ap) of the individual scattering peaks. The color code depicts
different single nanoparticles placed along the nanofluidic model pore, as indicated in the
schematic to the right. Pulses of H> gas supplied at different partial pressures are indicated by
the gray shaded areas.



4 CO oxidation over Cu
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Fig. S9. XPS measurements of Cu nanoparticles before and after reaction. Cu nanoparticle
sample analogues where fabricated using hole-mask colloidal lithography,(46) yielding an
array of disk shaped, 100 nm diameter and 40 nm high, Cu particles on an open surface to
enable XPS analysis of their oxidation state before and after reaction. The corresponding Cu2p
XPS spectra were collected before and after the sample was treated in identical reaction
conditions as in the experiment discussed in Fig. 3 in the main text. After exposure to reaction
conditions (493 K 6 % CO and 0.5% Oz in Ar) there is a clear appearance of satellite peaks at
ca. 942 eV and 962 eV, indicative of the formation of CuO. The shoulder like features on the
two main peaks are a result of a mixed oxide, where the peak at the lowest energy corresponds
to Cu20 and the higher energy peak to CuO.
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Fig. S10. Scattering spectra of single Cu nanoparticles during oxidation. (A) Optical
center (defined in eq. S2) of a single particle scattering spectrum as a function of time during
an oxidation event. The distinct decrease in the signal indicates oxidation of the particle. The
markers (0) correspond to positions of the snapshots presented in (B). (B) Three spectra of a
single Cu nanoparticle before, during and after oxidation. Arrows indicate the order of the
spectral change from metallic to oxide.
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Fig. S11. Repeated experiments similar to the one presented in Fig. 3 in the main text.
Repeating the experiment depicted in Fig. 3 in the main text results in qualitatively the same
trends. Comparing the different experiments reveals that the general trend is reproducible, but
the threshold concentration for oxidation, as well as the time delay, is somewhat different for
each repetition. We attribute this to irreversible morphological changes of the Cu particles due
to repeated oxidation and reduction, as recently reported to result in significant enhancement
in catalytic activity(47). (A) Schematic of the center part of a nanofluidic model pore (channel
2 in Fig. 1C) containing arrays of 100 x 40 nm Cu nanoparticles in the tapered regions and
four individual nanoparticles in the narrow center, separated by 20 um. Note that the size and
number of particles are not drawn to scale. Arrows indicate flow direction. (B) Schematic
depiction of the set nominal O; concentration in the system (black) together with the measured
QMS response for CO (blue) O2 (gray) and CO; (red). Note that the CO signal is scaled by a
factor 1/8. (C) Optical response of the four single Cu nanoparticles upon increasing O»
concentration during reaction with CO. The black line depicts the set nominal O concentration.
(D) Zoom-in on the optical center response from panel (C). (E-G) Same as (B-D) for another
repeated experiment at the same conditions.
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Fig. S12. Oxidation delay of Cu nanoparticles in the presence and absence of CO. A)
Optical response of four individual Cu nanoparticles and three areas (“patches”) containing
dense arrays (ca. 200 particles) of identical Cu particles under oxidizing conditions in the
absence of CO, as depicted in the schematic in (C). The chip temperature was 493 K. It reveals
the simultaneous oxidation of all particles and patches, and that oxidation starts at 0.04 % O-.
B) The same particles and patches initially again in the metallic state, now exposed to 4% CO
together with 0.8% O> in the feed, which is needed to induce the Cu oxidation process. In
contrast to the CO-free case now there is a delay of ca. 30 minutes between the oxidation of
the first and the last patch. C) Schematic of the center part of a model pore corresponding to
channel 2 in Fig. 1C.
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Fig. S13. CO oxidation over Cu at 498K and 6% CO with optical measurements from
different channels. (A) QMS response for CO: (red) and O (black) together with the
corresponding O> concentration set at the chip inlet (black steps). The observed transient dip
in CO; production after the initial increase is attributed to dynamic changes of catalyst particles
outside of the field of view presented in this figure. (B) Scattering intensity of five dense Cu
nanoparticle arrays, each containing 300 — 2500 particles (positions in channel are indicated in
(©)). (C) Microscope image of the channel (#2 in Fig. 1C) with the particle arrays toned in red
and green squares to identify the different intensity traces presented in (B). (D) QMS response
for CO; (red) and O: concentration set at the chip inlet (black steps). (E) Scattering intensity
extracted from five locations within the dense array of Cu (the whole array contains ~5000
particles and the positions where the scattering intensity was extracted are indicated in (F)). (F)
Microscope image of the channel (#4 in Fig. 1C) with the dense particle array toned in red
and green squares to identify the position where the local scattering intensities were extracted.



5 Optical center definition

The optical center is used to characterize the center of mass of a measured optical
spectrum and is defined as:

Acenter )lmax
f S()dl= 05 f S(A) dA (52)

Amin Amin

where A .ter 1S the optical center, S is the wavelength dependent scattering intensity, and 4,,;,,
and 4,4, are the maximum and minimum wavelength points that were measured, respectively.



6 Cu nanoparticle oxidation during CO oxidation

Based on the observed delay in oxidation between individual Cu nanoparticles placed in
sequence in a model pore (Fig. 3 and Fig. S11), a theoretical analysis was performed to test
the hypothesis that a single Cu nanoparticle can reduce the O, concentration in the stream
enough to inhibit downstream nanoparticle oxidation.

As a first approach, the reduction of O in the stream was assumed to occur through
reaction with CO on the Cu surface to form CO». Based on the experimental data presented in
Fig 3B, we see that an increase from 0.300 % to 0.325 % O> in the gas feed initiates the
oxidation of the Cu nanoparticles. Thus, if the reaction rate from a single particle is high enough
to lower the gas stream O concentration by 0.025% it is assumed to inhibit oxidation of
particles downstream. Based on the flow measurements (Fig. S4) the total flow through a single
nanofluidic model pore at an inlet pressure of 4 bar is approximately 1.3 x 10'! molecules / s.
The required O2 consumption via the CO oxidation reaction over a single Cu nanoparticle can
be calculated as

No, = €0, X Nenanner = 0.00025 X 1.3 x 10'* ~ 3.3e7 s7* (83)

where ¢p, is the required concentration drop and N hanner is the molecular flow through a
model pore. By approximating the Cu nanoparticle as a cylindrical structure with a radius of
rcu= 50 nm and a height, 7 = 40 nm, the exposed surface area is:

Acy =T X718, + T X 2rcy X h = 2.042 x 10* nm? (54)

Assuming an fcc structure with (111) facets exposed, the surface density of atoms in Cu is
approximately 14 atoms / nm?. The required turn over frequency (TOF) per exposed surface
atom (assumed to be the active site) to reduce the O, concentration in the flow by 0.025 % is
then given by:

No,
—2 =~ 115s7? S5
Aoy X 14 s (55)

TOFeq =
which sets a lower bound for the TOF required to lower the Oz concentration in the stream by
0.025 %. This number can be compared to theoretical TOF’s for the CO oxidation reaction on
Cu, calculated by DFT, that give values in the range 100 — 1000 s at the investigated
temperature (36).

The second consideration was to investigate the spatial distribution of O inside the model
pore via finite-volume simulations. The model used is described in the methods section where
the parameter 4 in eq. 1 and 2 was chosen to match the experiment. Physically, 4 can be
translated to a reaction rate over a single nanoparticle that is approximately 5 X A molecules/s
(at an inlet mass fraction of 0.001). Setting A = 107 s! thus corresponds to a reaction rate that
is comparable to the required rates estimated by eq. S3. Varying the value of 4 in the range 10°
s'to 107 s results in qualitatively similar concentration profiles inside the model pore where
the magnitude of the concentration drops at each active particle is determined by 4 (Fig. S14A).
Additionally, the effect of the total molecular flow rate was investigated by invoking a fully
mass-transport limited regime (4 — o0). The resulting concentration profiles of the tracer,
corresponding to Oz, for three different molecular flow rates are presented in Fig. S14B and
reveal that conversion up to 99 % over a single particle is possible at the simulated flowrate
close to the one measured for our model pore system (c.f. Fig. S4C). The simulations also
reveal that at the flow rates relevant to our experiment, the upstream depletion of the reactants
due to mass-transfer limited reaction on a downstream (unoxidized and thus highly active)



particle can be significant enough to have a sizable impact on the local reactant (and thus Oz)
concentration experienced by the closest upstream particle. This effect could thus be an
additional contributing factor to the observed significant delay times between single particle
oxidation in the model pore.
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Fig. S14. Simulated O; consumption in a nanofluidic model pore. (a) Relative change of
the concentration profile along the flow direction of a model pore at a flowrate of 9 x 101!
molecules/s with values for the reaction parameter A (that is used to calculate R in eq. 1 in the
materials & methods section) indicated in the legend. Note that the lines are scaled by different
factors as indicated in the figure to be able to highlight the similar shape of the profiles. Co
corresponds to the tracer concentration at the inlet of the model pore. (b) Relative concentration
profile of a tracer species that is consumed upon interaction with a nanoparticle located at the
30 um position inside a model pore in the mass-transport limited regime (4 — ). The
simulations were done for the three different molecular flow rates indicated in the figure. Co
corresponds to the original tracer concentration fed into the model pore.
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Fig. S15. 2D contour plots of simulated reactant concentration for model pore cross-
sections taken at different positions along the pore. This is a wider dataset but otherwise
identical to what is presented in Fig. 5C. The positions indicated to the left are taken relative
to the nanoparticle center. Thus, 0 nm is right at the center of the particle and 50 nm is just
after the particle. Scale bars are different for each panel, but share the same range to illustrate
the even concentration profile before and after the active particle. Note how diffusion quickly
eliminates reactant gradients in the model pore cross-sectional direction.



Movie S1.

Optical response from patches containing Cu nanoparticles as they sequentially oxidize under
increasing Oy partial pressure. The Movie corresponds to the data presented in Fig. S13A.
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