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Liquid-phase transmission electron microscopy is a burgeoning experimental
technique for monitoring nanoscale dynamics in a liquid environment,
increasingly employing microfluidic reactors to control the composition of the
sample solution. Current challenges comprise fast mass transport dynamics
inside the central nanochannel of the liquid cell, typically flow cells, and reli-
able fixation of the specimen in the limited imaging area. In this work, we
present a liquid cell concept - the diffusion cell - that satisfies these seemingly
contradictory requirements by providing additional on-chip bypasses to allow
high convective transport around the nanochannel in which diffusive trans-
port predominates. Diffusion cell prototypes are developed using numerical
mass transport models and fabricated on the basis of existing two-chip setups.
Important hydrodynamic parameters, i.e., the total flow resistance, the flow
velocity in the imaging area, and the time constants of mixing, are improved by
2-3 orders of magnitude compared to existing setups. The solution replace-
ment dynamics achieved within seconds already match the mixing timescales
of many ex-situ scenarios, and further improvements are possible. Diffusion
cells can be easily integrated into existing liquid-phase transmission electron
microscopy workflows, provide correlation of results with ex-situ experiments,
and can create additional research directions addressing fast nanoscale
processes.

Liquid-phase transmission electron microscopy (LP-TEM) is an emer-  known as windows’. Sophisticated LC setups have been developed
ging experimental technique which permits the monitoring of pro- through micro-electromechanical system (MEMS) fabrication techni-
cesses in liquid samples with nanometer-scale resolution*”. LP-TEM  ques which can incorporate various stimuli such as electrical biasing,
relies on liquid cells (LCs), which are enclosures of (sub-)micrometer heating, and solution exchange, enabling in-situ and in-operando
thin liquid layers between electron-beam transparent membranes experiments*™.
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In LP-TEM flow reactors, the enclosed fluid is connected to
external reservoirs, allowing for control over its composition inside the
LC. Single- and multi-inlet systems enable a broad range of flow
experiments: In (electro)chemical LP-TEM experiments, fluid flow
serves multiple purposes, including the renewal of reagents, removal
of liquid or gaseous reaction products, including radiolytic bypro-
ducts, and the triggering of nanoscale dynamics such as nucleation,
crystal growth and dissolution as well as self-assembly of nanoparticles
through solution mixing/replacement’". Recent studies have also
demonstrated that flow conditions significantly disrupt the radiolytic
reaction network>”, providing additional control of the chemical
environment in the electron-beam irradiated area (IA). This versatility,
combined with the ability to incorporate the stimuli mentioned
above’®, distinguishes flow systems from recently proposed static
mixing cells™.

The ideal design of a flow reactor depends on the application, but
in general certain characteristics are required. These include a thin,
electron-transparent liquid layer in the imaging area, the ability to
deposit samples prior to experimentation and their immobility under
flow conditions, and precise control over the liquid composition'>*®.
Additionally, eliminating gas bubbles is crucial to minimize artifacts,
especially in electrochemistry experiments”. Moreover, for truly
quantitative in-situ experiments, it is essential to achieve fluid
replenishment and/or mixing dynamics in the LC that are faster than
the observed process'®.

Numerous LP-TEM flow systems have been established in the
scientific literature and commercialized* %, and the understanding of
their hydrodynamic properties is increasing”. Based on general
microfluidic considerations, solution exchange in flow reactors results
from superimposed diffusive and convective mass transport” %,
Solute diffusion is driven by a concentration gradient and fluid flow by
a pressure gradient™. In (sub-)micrometer-sized channels, fluid flow is
typically laminar, and the velocity profile is determined by the flow
resistance and the relative alignment of individual channel
compartments’’’,

According to recent studies, the Poseidon Select sample holder by
Protochips Inc” provides convective flow rates in the IA of *10°m s™ at
operating pressures of ~100 mbar®’. These values were obtained from
experimentally validated finite element simulations assuming a 150 nm
thick liquid layer and the presence of a tiny bypass. Petruk et al.
developed flow systems without bypass compartments leading to
increased flow velocities up to 5102ms™ in the IA, and thus acceler-
ated solution renewal®. Such flow setups with expeditious sample
renewal rates have proven to be particularly promising for special
applications, e.g., pump probe imaging and diffraction; however, they
come at the cost of increased operating pressure gradients
(=300 mbar were reported for 1um high channels)®, eventually
resulting in increased bulging and the risk of window rupture, flushing
of the sample, and limited solution mixing/replacement capabilities.
Various strategies were explored to counteract these effects, including
microengineering to enforce window stiffness* and improved flow
control based on pressure-driven pumping systems'®. The Stream
holder from DENSsolutions?® appears to be a system with similar
characteristics and limitations®, although quantitative hydrodynamic
data is not available.

Recent studies have further demonstrated that the solution
replacement dynamics in the IA of available LP-TEM flow reactors are
much slower than most processes studied. This complicates reliable
interpretation of triggered dynamics®. The characteristic timescales of
solution replacement for the Poseidon Select and the Poseidon
200 sample holder (both Protochips Inc*) were found to be limited to
a few (tens) of minutes due to long feeding channels and excessive
diffusion lengths depending on the specific setup and experimental
conditions®. Similar values are expected for the Dual Flow Liquid

System by Hummingbird Scientific due to geometric similarities™.
Mglhave et al. achieved accelerated mixing dynamics and eliminated
window bulging by miniaturizing the channel geometry, enabling a
variety of flow and diffusion experiments and improved image
quality”. However, a generic limitation of this recently commercialized
concept (Insight Chips'®) lays in the monolithic LC design, which
restricts access to the interior of the nanochannel, thereby hindering
a-priori sample deposition.

The flow systems summarized cannot combine the full range of
features required for chemical flow reactors within the stated needs. As
a consequence, selecting appropriate setups for LP-TEM flow experi-
ments involves a trade-off between the multiple desired properties. In
fact, diffusion has been largely overlooked as a potential major mass
transport mechanism despite the advantages it can provide (i.e., slow
velocity in the IA achieved at low operating pressure), presumably due
to its inefficiency at millimeter scale distances. LP-TEM flow systems
with a negligible contribution of convective transport in the IA have
been reported but have failed to sufficiently emphasize diffusion (e.g.,
Poseidon 200 setup by Protochips” and Dual Flow Liquid System by
Hummingbird Scientific’)"*’. Just recently, the importance of diffu-
sion for solution exchange, in particular replacement, was recognized
by Kunnas and co-workers outlining the necessity for short diffusion
paths between reservoirs of fresh solution to the 1A%,

In this manuscript, we propose a liquid cell concept, the diffusion
cell, that relies on diffusive mass transport in proximity to the imaging
area, tremendously improving all desirable characteristics of LP-TEM
flow reactors, namely the possibility for large overall volumetric flow
rates; low overall flow resistance, i.e., low pressure build-up; fast
(within seconds) solution exchange dynamics with negligible flow in
the IA; flexibility to mount samples prior to experimentation; and
compatibility with established holders. Several designs for various
applications were developed by virtual prototyping on previously
validated numerical models. Physical prototypes were fabricated, and
their performance verified.

Results and discussion

The diffusion cell concept

LP-TEM flow systems are set up by assembling MEMS-based
LCs, typically flow cells, in the tip of dedicated sample holders exhi-
biting limitations outlined in the introduction?. Figure 1a illustrates a
LC concept, the diffusion cell, as a means to improve the hydro-
dynamic properties of such systems. A micrometer-sized flow channel
(height hgp) with expected low resistance (on-chip bypass, BP,,) aims
at guiding flow into the diffusion cell and around the central nano-
channel (NC, width wnc) comprising the IA in which the higher flow
resistance imposes diffusion as the dominant mass transport
mechanism. Note that the proposed diffusion cell design is compatible
with existing LP-TEM flow sample holders as the external dimensions
of the chips remain unchanged. Below, the diffusion cell concept will
be tested in commercially available LP-TEM flow setups with different
mass transport characteristics and compared to default flow cells
(wne =2 mm)%.

Direct flow vs. bathtub configurations

Two flow concepts have been established for LP-TEM sample holders,
which differ regarding the preferential flow path through the LC*. In
direct flow setups, most of the flow is forced into the NC inside the LC,
resulting in convection-dominated mass transport and high velocities
in the imaging area (usually located in the center of the LC) achieved at
rather high operating pressures. In bathtub setups, micrometer-sized
(off-chip) bypass channels substantially redirect the flow around the
LC, and thus the NC, leading to diffusion-dominated mass transport in
the IA due to very low flow velocities, and relatively low operating
pressures (see also Fig. 5 in ref. 29).
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Fig. 1| The concept of diffusion cells for liquid-phase TEM flow systems. a The
diffusion cell concept is characterized by on-chip bypass channels (height, hgp) that
are located around a central nanochannel of drastically reduced width (wyc) as
compared to conventional flow cells constructed from two flat MEMS-based chips.
b Schematic representation of mass transport in double inlet LP-TEM flow systems
where Inlet 1, Inlet 2 - two inlet channels with flow rates Q; and Q,; L - distance
between mixing point (MP) and the interface point (IP) - entrance into the liquid
flow cell (LC); NC and BP - central nanochannel where imaging is performed (IA)
and micrometer-sized channel compartment bypassing the NC (on- or/and off-
chip) with corresponding flow resistances Ryc and Rgp, respectively; D - diffusion
transport between BP and NC; Q. — total flow rate (Quoa = Q1 + Q2); Ap — pressure
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1A

Inlet 1

P Ap —
d Bathtub
Flow cell Diffusion cell
< BPy—>
'v‘ BPO "B ‘ 3

% > -

v”' j : J/ :

Yy - NC
< " V/Vmax \llll '
-

tttt 0 ttte

drop developed due to the flow through NC and BP. Flow velocity profiles in flow
and diffusion cells for direct flow (c) and bathtub (d) setups, respectively. NC -
central nanochannel; BP,,, and BP - on- and off-chip bypass channels; v. - flow
velocity in the center of NC (i.e., IA). Black thin arrows (in NC) indicate direction and
background color and line thickness represent magnitude of flow velocity. Short
black arrows indicate active inlet (at the bottom in (c) and (d) and outlet (at the top/
right in (c) and (d), respectively) and relevant off-chip bypasses; short gray arrows
(in (d)) indicate inactive inlets. Small black squares in the center of NC illustrate the
imaging area (resulting from perpendicular assembly of windows); in the diffusion
cell setup, large black squares indicate nanochannel of reduced expansion. For
details on the simulations, see Methods and ref. 29.

In general, the overall pressure drop Ap developed along either of
these flow systems can be expressed by Eq. (1):

RBPRNC ) (1)

Ap = QuoraiRrotal = Qrotal (m ’

where Qo is the overall volumetric flow rate, and Riota, Rep and Ryc
are the flow resistance of the entire flow system, available bypass(es)
and the central nanochannel, respectively.

Convective mass transport through the NC is further defined by
the ratio of the flow resistances of the NC and BP (Eq. (2)):

Qttl
Q =_.#,
NC RNC 1+II§52 (2)

with vye = Qne/Anc, Where Qg and vy denote the volumetric flow
rate and the mean flow velocity through the NC and Ay being its cross-
section (Supplementary Note 1 for details on the derivation of Egs. (1)
and (2)).

Model development - stationary flow

Equations (1) and (2) indicate that additional on-chip bypass channels
reduce the overall pressure drop (decreasing Rgp lowers Riorar) as well
as the convective mass transport through the NC. To validate the
beneficial effect of diffusion cells operated in direct flow and bathtub-
type configurations, we performed finite-element simulations of con-
vective transport. Figure Ic, d illustrates the flow velocity profiles
through channel geometries derived from the Poseidon Select and
Poseidon 200 sample holders (both Protochips Inc?), respectively. The
width of the NC and the height of the BP,, were wnc=0.2mm and
hgp=10 um, respectively. In both configurations, the diffusion cell
design guides flow into the on-chip bypass channel (BP,,,) yet restricts

it in the central NC of reduced lateral dimensions. In particular for the
direct flow configuration, the operating pressure (Ap) and the flow
velocity in the center of the IA (v.) are significantly decreased, from
100 to 6 mbar and from 15 to 15ums?, respectively (at
Qiotal = 300 pL h%; see Fig. 1c).

Premixing vs. on-site mixing configurations

Various characteristic locations can be defined to differentiate
between multi-inlet systems as illustrated in Fig. 1b. At the interface
point (IP), macroscopic capillary channels interface with the nano-
channel located in the LC. The mixing point (MP) defines the merging
point of (all) inflow channels. The channel compartment between the
MP and the IP is usually referred to as the premixing channel with the
length L.

Two mixing concepts have been established for LP-TEM flow
reactors™. In premixing setups, fluids are fed through supply channels
that merge far before the IP; whereas in on-site mixing setups, the
supply channels reach the LC separately so that the IP and the MP
coincide. By combining the presented design concepts (premixing vs.
on-site mixing and direct flow vs. bathtub), 4 different (in terms of
mass transport dynamics) holder configurations, all with different IP,
IA and MP locations, can be envisioned. Specific implementations of
such systems can comprise a negligible premixing channel (L = 0) and
either non-existent (1/Rgp=0) or multiple (1/Rgp=>_1/R;, compare
Supplementary Note 1) bypasses (BP), amongst others, without vio-
lating the generality of the description and Fig. 1b. The two most
relevant sample holders studied here, the Poseidon Select and Posei-
don 200 (both Protochips Inc)”, correspond to a direct flow config-
uration with premixing, and a bathtub configuration with on-site
mixing, respectively”.

The flow in the diffusion cell is split between the BP,,, and the NC
based on their respective flow resistances with convective mass

Nature Communications | (2024)15:2522
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transport through the NC being described by Eq. (2) (see above). A
solute also reaches the IA by diffusion D from the BP,,,.

For a general comparison of mass transport, the travel time is a
suitable quantity®. The overall travel time, ¢, results from the respec-
tive travel times in the premixing channel, ¢, and in the NC, tnc,
according to t=1¢ + tyc. While ¢ is determined mostly by convection
along L (Eq. (3)), tnc is determined by both convection and diffusion in
the NC (Eq. (4); compare Supplementary Note 1):

L

= 3
L™ Qe /AD) )
and
_ Iplc
Ine = AT “4)

In Egs. (3) and (4), A, is the cross-section of the premixing channel
and tp and ¢ are characteristic times of mass transport by diffusion
and convection, respectively. For simplicity, the NC is assumed to be
symmetric regarding convection and diffusion (i.e., travel distance and
diffusion length being both equal to half the extent of the NC, wnc/2).
tp and ¢ can thus be expressed as®:

[ =
¢ )
(%)
and
wyc\2
e 51 ®)

In Eq. (6), D is the diffusion coefficient of the solute in the
solvent. Equations (3)-(6) point to several possibilities for decreasing ¢.
First, the mixing channel can be eliminated by supplying both
solutions directly on chip (L =0), which sets ¢; to zero. This was rea-
lized in commercial holder setups, e.g., the Poseidon 200 (Protochips
Inc®) and the Nano Channel Chip (Insight Chips'®). Second, the
volumetric flow can be increased, thereby decreasing tc following
Egs. (3) and (5). However, this is accompanied by a proportional
increase in the internal LC pressure (Eq. (1)), which is intrinsically
limited by the robustness of the membrane. Additionally, a high flow
may influence the mobility of the sample and thus disturb the obser-
vation. Finally, both ¢¢ and ¢, can be reduced by reducing the lateral
extension of the NC, wnc. Note that the convective term ¢c depends
approximately linearly on wyc, while the diffusive term tp has a
quadratic dependence on wyc (compare Egs. (3) and (5) and Supple-
mentary Note 1).

Model development - dynamic solution replacement

We have simulated convective and diffusive transport in the above
introduced models (wyc=0.2mm, hgp=10 pm, Qyora =300 pLh™) to
evaluate the effect of BP,,, on solution exchange in diffusion-type LP-
TEM flow reactors. The active inlet was abruptly changed from pure
water to an aqueous solution of a solute (diffusion coefficient:
D=610"" m? s, concentration at inlet: co =40 mM)¥. Time-resolved
concentration maps of the solute in flow and diffusion cells were
compared for the direct flow with premixing (Fig. 2a, b) and for the
bathtub with on-site mixing (Fig. 2c, d) configuration, respectively.
Diffusion-controlled solution exchange in diffusion cells completes in
=20 s in both holder configurations (from 30 to 50 s in direct flow with
premixing and 10 to 30 s in bathtub with on-site mixing configurations;
compare Fig. 2e, f). The larger time delay (A¢) in the case of the pre-
mixing configuration is due to non-zero ¢. Interestingly, the

concentration profiles in the NC are radially symmetric in both cases
(snapshots at 30s in Fig. 2e and 10 s in Fig. 2f) indicating diffusion-
controlled solution exchange. Figure 2g, h compares the time-
dependent concentration profiles in the center of the NC (= IA) for
direct flow with premixing and bathtub with on-site mixing setups
demonstrating that the on-chip bypass leads to drastically accelerated
solution exchange in both cases with respect to the default setup
(Wne =2 mm)®.

Based on the analysis of Figs. 1 and 2, the positive effect of dif-
fusion cells on the hydrodynamic properties of LP-TEM flow reactors is
evident. Among the multiple benefits are 1) the reduction of tp by
already >1 order of magnitude, and diffusion becoming the dominant
mechanism of mass transport in the NC; 2) reduction of the overall
flow resistance and, consequently, reduction of the developed pres-
sure and/or the possibility to apply significantly higher flow rates; 3)
negligible convective transport in the NC, which improves sample
stability; and 4) compatibility with existing LP-TEM flow holders and
sample deposition protocols.

Virtual prototyping of the diffusion cell geometry

To evaluate the potential and limitations of the proposed diffusion cell
design, the influence of relevant geometrical and experimental para-
meters on its hydrodynamic properties was screened by simulations.
Starting from parameters used for Figs. 1 and 2, simulations were
performed extending the tested range for the width of the nano-
channel (2 mm > wyc > 0.05 mm), the height of the on-chip BP channel
(150 nm < hgp <50 um) and the  volumetric flow rate
(300 pL h™ < Quoral <3000 pL hY). The monitored characteristic para-
meters were the pressure drop (Ap) between the in- and outlet, the
linear flow velocity (v.) at IA, the delay (A¢) and the decay time (7)
constants of solution replacement in the IA. Figure 3 summarizes the
characteristic values obtained in simulations both for direct flow with
premixing and bathtub with on-site mixing configurations.

A central finding of the virtual prototyping was that the lateral
extension of the NC (wnc) has no significant effect on the developed
pressure (Fig. 3a) and flow velocity (Fig. 3d) in the NC (after the initial
sharp drop) since the flow resistance in the NC decreases pro-
portionally to the flow resistance of the BP,, maintaining a balanced
flow distribution. Increasing the height of the BP,,, (hgp) decreases the
pressure drop, Ap, to a negligible 0.1 mbar (Fig. 3b) and the flow
velocity, v, to a few tens of nm s (Fig. 3e). This is a consequence of the
drastically decreased flow resistance of the BP,,,, which further allows
for high overall volumetric flow rates up to 3000 pL h™, while main-
taining pressure build-up below 100 mbar (Fig. 3c).

The achievable mixing times are characterized by At and 7, as
introduced earlier” and illustrated in Fig. 2g, h. The delay time At
(onset of solution replacement) decreases with decreasing wnc
reaching values as low as a few seconds for 100 um wide NCs (Fig. 3 g).
At further decreases with increasing flow rate as expected from Eq. (2)
(Fig. 3i). However, beyond the initial steep drop, At shows no further
dependence on the height of the NC (Fig. 3h). The exponential decay
constant T depends even more strongly on the lateral extension of the
NC (Fig. 3j). Moreover, it remains almost constant at different Agp
(Fig. 3k) and Qocal (Fig. 31), particularly in the bathtub with on-site
mixing configuration (light blue curve). This unambiguously points to
diffusion as the main mass transport mechanism inside the NC in both
on-site mixing and premixing configurations. Even for the relatively
low diffusion coefficient used in the simulations (D =610 m?s %)%, r
can reach =1s for wnc=100 um. A further decrease in NC extension
does not result in a further decrease in 7. This peculiar behavior was
associated with intermixing of the solutions at the inactive inlet. As we
will show below, improved experimental methods can further accel-
erate solution exchange.

Further analysis of Fig. 3 allows for in-depth understanding of the
hydrodynamic properties of the flow reactor geometries (for which we
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direct the reader to the Supplementary Note 3). Here, we rather
emphasize the main conclusion of the virtual prototyping, namely that
the inclusion of BP,,, dramatically improves the main hydrodynamic
characteristic of LP-TEM flow reactors, such as mixing time (<10s),
while allowing high total flow rates (up to 3000 pL h™?), negligible
convective transport in IA (v.<20nms™), and negligible pressure
build-up (down to 0.1 mbar at Qo =300 pL h™).

Device fabrication and design rules

To experimentally test the design concept, physical prototypes of
diffusion cells were fabricated. For simplicity, and to demonstrate the
versatility of the design, commercially available E-chips (EPB-52DNF;
Protochips Inc”') were used*. Micrometer-sized bypass channels were
etched into existing chips using optical lithography, wet-chemical and
reactive ion etching (see Methods section for details). The
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Fig. 2 | Accelerated solution replacement in LP-TEM flow reactors operated
with diffusion cells. a-d 2D concentration maps of the direct flow with premixing
(a, b) and the bathtub with on-site mixing (c, d) setup operated with default flow
(a, ¢) and diffusion cells (b, d) at 2, 20 and 200 s after externally initiated solution
replacement. Color coding represents the degree of substitution of one solution by
another after abrupt switching of the flow from one inlet to the other. The flow cell
and the diffusion cell form a central nanochannel with lateral expansion of
2x2mm? (a, ¢) and 0.2 x 0.2 mm? ((b, d); indicated by large black square),
respectively. The latter is surrounded by an on-chip bypass channel of 10 um height.
Small black squares in the center of NC illustrate the imaging area (resulting from
perpendicular assembly of windows). Short colored arrows indicate active inlet (at
the bottom in a-d) and outlet (at the top/right in (a, b) and (c, d), respectively) and

qualitatively illustrate the composition of the entering/leaving solution; short gray
arrows (in (c) and (d)) indicate inactive inlets. e, f Enlarged 2D concentration maps
in the reduced central nanochannel (b) for the time range of strongest con-
centration variation (0 s <At < 60 s) for the configurations depicted in (b) and (d),
respectively. g, h Time-dependent concentration curves extracted from the center
of the imaging area for the four channel configurations depicted in (a-d). Black
dashed lines indicate exponential fitting that allowed to extract delay and decay
time constants At and 7, respectively. Gradient arrows in (g) and (h) indicate
drastically accelerated solution replacement associated with the diffusion cell
configuration. Qo and D were 300 pL h™ and 6:107° m? s™, respectively. For
details on the simulation, see Methods and ref. 29.

specifications of the existing chips led to several geometric constraints
(i.e., design rules) that had to be met to ensure the structural integrity
of the modified chips, which resulted in the final prototypes differing
slightly from the designs modeled for Figs. 1-3. The E-chips are
2x2x03mm® in size, have a rectangular viewing window
(550 x 20 um?) with an inclined groove on the back side. Flow spacers
(0.2 mm x 0.2 mm x 100 nm) are located in the 4 corners. The derived
chip design, which meets all requirements, is shown in Fig. 4b. The
extension of the central island forming the nanochannel was measured
to be =120 x 650 um?, and the bypass channel etched on the chip
(hgp =10 um) is formed between the four pentagonal plateaus at the
corners, on which the spacers are located.

Experimental testing of diffusion cells

To test the functionality of the prototypes and confirm the
predictions of the numerical model, the modified E-chips were
installed in two commercially available LP-TEM sample holders with
known hydrodynamic properties (see above and ref. 29). Both
direct flow with premixing- (Poseidon Select) and bathtub with on-site
mixing-type (Poseidon 200; Protochips Inc”) configurations were
tested. The orientation of the central island with respect to the flow
direction was chosen so that it favors the flow, e.g., provide linear flow
around the rectangular NC in the Poseidon Select setup. Simulated
velocity profiles for both setups are depicted in Fig. 4a and c,
respectively.

To quantify the solution exchange dynamics of the fabricated
prototypes, an established contrast variation method was applied®.
Time-dependent concentration profiles were obtained by tracking
changes in the intensity of the transmitted signal as a result of alter-
nating the flow of a highly electron-scattering contrast agent (phos-
photungstic acid, PTA) and pure water. Compared to previous works,
the time resolution of the experiment was significantly increased
(200 ms vs. 55)%. Refer to Methods for experimental details.

The obtained time-dependent concentration curves (Fig. 4d, e)
show accelerated solution replacement dynamics compared to
the default flow chip (wnc=2mm) by nearly two orders of
magnitude”. Flow rates were tested in an extended range
(300 < Qioa1 < 3000 pL h™). The characteristic time constants (Atand 7;
Fig. 4f-i) were extracted to obtain comparable quantitative data. The
minimum delay time and decay time constant were determined to be
At=12sand =9 s for the Poseidon Select and At=13 sand 7=3.7 s for
the Poseidon 200 sample holder, as compared to previous experi-
mental results At=110s and 7=120s and At=86s and 7=156s,
respectively”. For both configurations, the experimentally measured
time constants were larger than the predictions of the numerical
models (gray triangles in Fig. 4f-i). This discrepancy comes from the
simplifications of the model, in particular neglecting the window bul-
ging. Refer to Supplementary Note 4 for detailed discussion.

The following aspects must be considered concerning the
experimental results. First, the achieved mixing times depend on the
diffusion coefficient of the contrast agent, as diffusion act as the
dominant mass transport mechanism. With PTA being a relatively slow

diffusive species (Dpa = 6:107° m? s)*, even faster solution exchange
dynamics are expected for solutes commonly encountered in (electro-
)chemical processes (e.g., sodium ions: Dy, =1.3:107° m? s7)%, as
demonstrated through developed optical methods (refer to Supple-
mentary Note 5). Second, even though the bathtub with on-site mixing
configuration can lead to faster mixing times compared to the direct
flow with premixing configuration (both in simulation and experi-
ments), the Poseidon 200 system is experimentally less reliable than
the Poseidon Select system due to less control over the LC alignment in
the holder tip (eventually reflected in the more pronounced deviation
between simulated and modeled time constants; Fig. 4h, i)*. Third, the
main criteria for prototyping were versatility, ease of fabrication and
compatibility with existing equipment, pointing to further improve-
ment capacities. Nonetheless, an application example described in the
Supplementary Note 7 clearly demonstrates the superior capabilities
for solution replacement of the existing diffusion cell setups, in par-
ticular for samples that cannot be flushed into the LC prior to the
experiment.

General guidelines

To further accelerate solution exchange, general guidelines can be

concluded based on Egs. (1)-(6) and Fig. 3, potentially leading to sub-

second dynamics:

- The premixing channel should be removed because the delay time
At is half of the total mixing time;

- NC size should be as small as possible; for 20-pm-sized windows**,
50 pm wide NCs seem to be the technological limit;

- the overall flow rate should be as high as possible to minimize the
solution’s travel time from IP to IA;

- for the same purpose, the off-chip BP should be minimized;

- toreduce the pressure drop at high overall flow rates, BP,,, should
be as deep as possible; simulations show that 50 um is sufficient
for the maximum feasible flow rate.

Thus, using the terminology established above, the ideal LP-TEM
mixing reactor would rely on on-site mixing (no premixing channel)
and direct flow (no or minimal off-chip BP). Structurally, only Insight
Chips" offers such systems, which however is limited to pre-assembled
LCs. DENSsolutions®® has no multi-inlet systems so far, and
Protochips® offers either on-site mixing or direct flow, but not a
combination.

Improved experimental methodology

To challenge the limits of the diffusion cell concept, we evaluated a
virtual LP-TEM configuration that meets the above criteria. The most
obvious choice would be the Poseidon 200 configuration with limited
off-chip BP, i.e., with integrated gasket technology. To date, such set-
ups are not available for LP-TEM but can be accessed through simu-
lations and replicated in ex-situ devices (refer to Supplementary
Note 4 and 5 for details). Apart from the ideally designed channel
geometry, sophisticated experimental methodology turned out to be
even more crucial. As stated above (Fig. 3g, j), reducing wnc below
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Fig. 3 | Virtual prototyping of the diffusion cell geometry. a-1 The four char- channel for 150 nm < Agp < 50 um (wnc = 0.2 MM, Qqora = 300 pL h™). The right

acteristic hydrodynamic parameters, i.e., the overall pressure drop, Ap (a-c), the column (c, f, i, I) screens the total flow rate for 300 pL h™ < Qora1 <3000 puL h?
velocity in the center of the imaged area, v, (d-f), the delay, At (g-i), and the decay (wnc=0.2mm, hgp =10 um). Dark red and dark blue crosses in the first two col-

time, 7 (j-1), constants of solution replacement, are depicted for diffusion cells umns (a, b, d, e, g, h, j, k) represent the default flow cell (wnc =2 mm; no BP,,)
operated in direct flow with premixing (light red crosses) and bathtub with on-site in direct flow with premixing and bathtub with on-site mixing configurations,
mixing (light blue circles) configuration, respectively. The left column (a, d, g, j) respectively”. The diffusion coefficient of the diffusive species was

screens the width of the nanochannel for 2 mm > wyc > 0.05 mm (Agp =10 pm, D=610"° m? s, An extended discussion of the data is provided in

Qioral =300 pL h™). The central column (b, e, h, k) screens the height of the bypass Supplementary Note 3.
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Fig. 4 | Experimental quantification of solution replacement in direct flow with
premixing and bathtub with on-site mixing LP-TEM flow reactors operated
with diffusion cells. a-c SEM image of the modified E-chip used to build diffusion
cells (b) and simulated flow velocity fields illustrating transport through direct flow
with premixing (i.e., Poseidon Select, (a)) and bathtub with on-site mixing (i.e.,
Poseidon 200, (c)) flow reactors, respectively. The flow is bypassing the central
nanochannel where diffusion is dominant. Black thin arrows indicate direction and
background color and line thickness represent magnitude of flow velocity. Short
black arrows indicate active inlet (at the left/bottom in (a) and (c), respectively) and
outlet (at the right in (a) and (c)); short gray arrows (in (c)) indicate inactive inlets. In
(a, ), small black squares in the center illustrate the imaging area (resulting from
perpendicular assembly of windows; compare (c) and the surrounding rectangles

Flow rate, Q, (ML ') Flow rate, Qy,, (MLH )

represent the nanochannel; remaining black lines indicate channel walls of the on-
chip bypass. For Qyoa =300 pL h, the maximum velocity inside the LC is
Umax=7-10"*ms™. d, e Normalized curves of contrast agent concentration (PTA;
Dpra = 6:107° m? s)% reflecting solution replacement in Poseidon Select (d) and
Poseidon 200 (e) setups measured at flow rates 300 < Qgora < 2400 pL h™%. Black
dashed lines represent exponential fits. For details on the experiment and data
processing, see Methods and ref. 29. Simulated and experimentally measured delay
times, At (f, h), and decay time constants, 7 (g, i), of solution replacement obtained
from exponential fitting (illustrated in (d) and (e)). Error bars in (f-j) indicate
standard deviation for three independent measurements; in most cases, markers
size exceeds error bars.

100 um did not further accelerate solution replacement in the IA due to
intermixing of the solutions at the inactive inlet. However, it was pre-
viously demonstrated that the inactive inlet can be assigned a negli-
gibly small partial flow rate (PFR <<0.5) to avoid intermixing at the
inlet without affecting the concentration in the NC of on-site mixing
setups since the negligible flow is guided around the IA at a sufficient
distance”.

Figure 5a depicts time-dependent concentration maps inside the
diffusion cell simulated for a flow channel geometry derived from

Poseidon 200 holder featuring gasket technology, i.e., representing a
direct flow with on-site mixing configuration. The relevant model
parameters were lateral extension of NC: 0.05mm x 0.65mm; NC
height: 150 nm (without considering the bulge); hgp=50 pm; and
Qtota =3000 pL h™ (resulting in Ap = 2.5 mbar). Background flow was
induced at the previously inactive inlet at the rate of 0.05-Qotar- At a
steady state of 0.95-Q.oa1 Water flow, a solute is mainly passing
through the off-chip BP, and nothing reaches the IA (steady state, 5%
flow on Fig. 5a). After enabling the solute flow at 0.95-Qoa;, the
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solution is completely replaced around the NC in <0.5s. About 90%
of solute replacement in the IA is reached in =0.7 s after the flow
changeover. The characteristic time constants extracted from Fig. 5¢
are significantly less than 1s, namely A¢=0.3s and 7=0.21s. Note
that in comparison to the above, the diffusion coefficient was
adjusted to reflect more realistic scenarios of diffusing small mole-
cules (D=1.3-10"° m? s compare Supplementary Note 4). At
steady state solute flow (steady state, 95% flow on Fig. 5a), the relative
concentration in the IA (c/co) rises to 1.0 because 5% flow of
pure water is confined in the nearest off-chip BP and does not reach
the IA.
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Further scenarios
Beyond the Protochips ecosystem, a virtual double-inlet diffusion cell
hypothetically compatible with the Stream system by DENSsolutions®
was created based on the geometric characteristics available for the
single-inlet setup®. Simulated solution replacement dynamics for such
devices also pointed toward sub-second mixing times (with 90%
solution replacement achieved in =0.7 s; see Supplementary Note 6).
In addition to solution mixing, fluid renewal in the IA plays an
important role in LP-TEM, in particular to remove radiolysis products
and/or deliver scavengers”. Considering that the solution is com-
pletely renewed by diffusion in less than a second, it is in principle
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Fig. 5 | Sub-second solution replacement in virtual direct flow with on-site
mixing setups operated with diffusion cells and under optimized experimental
conditions. a 2D concentration maps at different moments after externally initi-
ated solution replacement. ¢ =0 s represents a steady state at 5% flow from the
bottom inlet (solute) and 95% flow from the top inlet (pure water); at this moment
the flow has been changed to 95% solute solution and 5% of pure water. Short red
and blue arrows illustrate qualitatively the distribution of flow between active inlet
(at the top and bottom) and the composition at the outlet (at the right). Small black
squares in the center illustrate the imaging area (resulting from perpendicular
assembly of windows) and the surrounding rectangles represent the nanochannel;
remaining black lines indicate channel walls of the on-chip bypass. The steady state
concentration maps for Qca = 0.05-Qora; and Qca = 0.95:Qyorar are denoted as
“Steady state, 5% flow” and “Steady state, 95% flow”, respectively. Qo and D were
3000 pL h™ and 1.3-107° m? s, respectively®. Geometric parameters were

wye =0.05mm, Iyc = 0.65 mm, Ay =150 nm (flat - bulging neglected; refer to
Supplementary Note 3 for details), igp = 50 um, respectively. A gasket was assumed
to block approximately 98% of the off-chip bypass. b 2D concentration maps of the
reduced central nanochannel (a) are depicted enlarged for the time range of the
largest concentration variation. The black square in the center corresponds to anIA
of 20 x 20 um? expansion. ¢ Time-dependent concentration profile in IA (light blue
dashed curve) induced through optimized experimental methodology, i.e., chan-
ging the actively flowing inlets between 5 and 95% of Qo (and vice versa). Note
that despite the non-zero flow at the previously inactive inlet, the solute con-
centration varies between the two extrema, 0 and ¢, (refer to in-situ mixing dis-
cussed in ref. 29). Exponential fitting (black dashed curve) resulted in A¢=0.3 s and
7=0.21s. Vertical dashed black line in (c) indicates the timepoint at which the
predominant active inlet switches from reference (pure water, gray background) to
solute solution (white background).

possible to select imaging conditions in which the influence of radi-
olytic species would be minimized.

Another important aspect of in-situ/in-operando experiments in
electrochemistry and catalysis is bubble formation in gas evolution
reactions'”*. For example, in electrochemical LCs, gas bubbles often
irreversibly block extended nanochannels and disrupt the normal
conductivity of the electrolyte. The presence of a deep (tens of
micrometers) on-chip BP channel with a strong fluid flow surrounding
a significantly smaller nanochannel can not only prevent the formation
of bubbles, but also remove already existing ones. However, the pre-
sence of electrodes imposes additional design rules for the on-chip BP
geometry. In a following manuscript, we describe the development,
implementation and application of diffusion cells optimized for
electrochemistry®.

In conclusion, a liquid cell concept for LP-TEM flow experiments
relying on diffusion as the main mass transfer mechanism inside the
nanochannel, the diffusion cell, is presented. Key advantages include 1)
fast solution mixing/exchange dynamics - the fastest experimentally
obtained mixing constants were =2 s, which is =2 orders of magnitude
faster than previous results on default setups®’; 2) about 2 orders
reduced fluid flow velocities in the imaging region, which can be
important for mechanical stability of samples; 3) about 3 orders
reduced flow resistance, which positively affects window bulging and
simultaneously increases the range of applicable flow rates (up to
3000 pL h™* were tested); 4) the versatility of the proposed diffusion
cells allows their use with existing LP-TEM holders applying estab-
lished workflows and does not limit sample preparation. A series of
model experiments were presented to demonstrate the significant
improvement of hydrodynamic conditions covering a broad range of
applications (see also follow-up work®). Simulations of optimized
scenarios demonstrated the ability to achieve sub-second mixing/
exchange dynamics when applying sophisticated experimental meth-
odology and pave the way for studying fast nanoscale kinetics and
should allow the correlation of LP-TEM results with bulk ex-situ
experiments.

Methods

Materials

Milli-Q water (resistivity 18.2 MQ cm at 25°C) was used in all experi-
ments. PTA (99.995%) and potassium permanganate (KMnQyg4, >99.0%),
sodium citrate, sodium chloride, bis(p-sulfonatophenyl)-phenylpho-
sphine (BSPP, 97%), agarose and tetrachloroauric(lll) acid (99%) were
purchases from Sigma-Aldrich and used without any further purifica-
tion. Gasket and O-rings for sealing of the liquid cell, PTFE tubings as
well as small and large Poseidon E-chips were obtained directly from
Protochips Inc?. All used small E-chips had e-beam-transparent SiN
membranes of nominal 550 pm x 20 pm expansion and flow spacers
with 150 nm thickness (serial number: EPB-52DNF). As large E-chips,
standard EPT-55W were used. RIE etched chips were obtained from
Protochips company in the frame of a collaborative project. These

modified chips are not catalog products but can be commercially
requested from the company as of now. A possible fabrication routine
is described in the physical prototyping of diffusion cells section. Two
different LP-TEM sample holder setups, Poseidon Select™ and Posei-
don 200™ (both Protochips Inc*), were used for experiments. All
glassware was cleaned with aqua regia and rinsed thoroughly with
Milli-Q water.

Flow reactor assembly

The assembly process of the flow reactors was identical for all setups
and followed standard procedures®. Liquid cells, both flow and dif-
fusion cells, were assembled in the sample holder’s tip under wet
conditions by enclosing tiny amounts of pristine water between two
pre-treated E-chips (methanol and acetone; 10% O, plasma during
1min). Standard large E-chips were combined with modified small
E-chips®. Flow reactors were sealed using gasket and O-rings, respec-
tively. Prior to experiments and inserting the holder into the micro-
scope, optical, vacuum (<10~ mbar) and flow (Qota=3000 uL h™ for
1h) checks were conducted to validate the reactor assembly.

Physical prototyping of diffusion cells

Both chemical and reactive ion etching (RIE) strategies were applied to
modify E-chips. To enable chemical etching, laser sublimation was
applied to write the patterns defining on-chip bypass channel in the
SiN surface layer using a picosecond laser (wavelength: 355 nm; power:
0.1W; 1 pass; line spacing: 5um; speed: 15mms™). In a second step,
KOH etching (40% w/v; 80 °C) was applied to selectively etch out sili-
con. To obtain a depth of =30 um, immersion times of =30 min were
required. In a final step, ion beam etching (30 kV; Ga source; FEI Helios
Nanolab 600) was applied to remove overhanging material and
smooth the edges, especially of the central nanochannel. RIE etched
chips were obtained from Protochips company in the frame of a col-
laborative project relying on standard deep RIE (DRIE, Bosch etch)®,

Image contrast variation method

The procedure for hydrodynamic quantification of flow reactors was
adopted from the method of (image) contrast variation described in
ref. 29. In brief, the flow is alternated between an electronically dense
contrast agent solution (40 mM PTA) and a reference solution (Milli-Q
water) to alter the transmitted intensity over time. In LP-TEM experi-
ments, the (normalized) transmitted intensity, /,,,,,, can be expressed
based on Eq. (7):

L ==l —pcp-zc=1-K-c, @)

norm = I
0

1

where Ip and / denote the transmitted intensity through a LC con-
taining pure water and contrast agent solution, respectively. z is the
thickness of liquid layer and pca as well as c are scattering power and
concentration of the contrast agent, respectively.
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Optical contrast variation method

For ex-situ experiments, the image contrast variation method was
adjusted for optical spectroscopy. In optical experiments, /., is
obtained from the absorbance, A:

A=¢zc (8)

1
A=logyo < 7 > 9
norm

Equation (8) is known as Beer-Lambert law and commonly used to
determine the concentration of solutes (e.g., optical dyes) absorbing
light in the UV-vis regime, with e=¢(1) denoting their wavelength-
dependent molar extinction coefficient. The wavelength of maximal
extinction (A,,,,) was determined by acquiring A in the spectral range
from 200 to 800 nm in ex-situ UV-vis measurements (liquid thickness
Ziiquid = 1 cm; compare Supplementary Note 5).

As chemical aspects (e.g., dimerization effects) limit the linearity
of Beer-Lambert law to rather low solute concentrations, most optical
dyes are ruled out for flow experiments unless their high extinction
coefficients found in literature. KMnO, (€max=2.66-10*Mcm™ at
Amax =546 nm)*° was identified as suited candidate. Saturated solu-
tions of =7 mM were used.

UV-vis measurements were performed on a Cary UV-Vis-NIR
3500 spectrometer (Agilent Technologies Inc). The window of the
liquid cell was aligned to be fully located inside the beam path (spot
size: 1 mm diameter). Average absorbance (4) curves from the entire
window area were acquired at an interval of 0.1s between data points.

Flow control

Two electronically connected programmable syringe pumps (Pump 11
Pico Plus Elite, Harvard Apparatus, USA) were used to control liquid
flow through the two-inlets reactor. One of the syringes contained pure
demineralized water (Millli-Q; resistivity: 18.2MQ cm at 25°C), the
other an aqueous solution of contrast agents at concentrations to
ensure >10% decrease of transmitted intensity of pure water solution -
that was, 40 mM for PTA in LP-TEM flow experiments®. The electro-
nically interfaced pumps were programmed to provide a constant
volumetric total flow rate (Qorar), yet abruptly alternating the applied
flow between the reference (water; Quaeer) and contrast agent (Qca)
solution at constant time intervals (usually every 5min) to study the
dynamics of solution exchange. Q... Was studied in an elevated range
from 300 up to 3000 pL h, by the minimum reasonable flow rate and
maximum rate safe for the window membranes (representing a 10x
increase in respect to ref. 29.

Data acquisition and post-processing

TEM imaging was performed on a Tecnai G2 F20 S-twin microscope
(FEI), operated at 200 kV. The same imaging conditions were used for
all the experiments: parallel beam illumination, 2250x magnification,
beam intensity adjusted to a dose rate of approximately 8 e nm™2 s
(without the sample). Local image intensity (/) curves were averaged
from a1 x1pm?area in the center of the viewing window and acquired
on a Gatan Orius 2 K*2 K CCD camera (GATAN, USA) at an interval of
0.2 s between data points.

Data acquisition was manually synchronized with the pump’s
microcontroller with an accuracy <1s. The typical duration of the
experiments was 10 min (1 datapoint each 200 ms). Raw intensity
curves were loaded in customized Python-2.7 workflows (numpy,
scipy, matplotlib) for further semi-automatized processing and

40

plotting™.

Convection diffusion model
An experimentally validated numeric model for convection and dif-
fusion in realistic 3D LP-TEM flow reactor geometries was adopted

from ref. 29 for virtual prototyping. The details of the model imple-
mentation (i.e., underlying physics, geometric model refinement,
meshing, definition of boundary conditions) and its validation for
Poseidon 200 and Poseidon Select type sample holders (Protochips
Inc)* were described in ref. 29. In brief, the laminar flow module was
used to solve the incompressible Navier-Stokes equation coupled with
the equations for Fick’s laws describing water as an incompressible
fluid and the diffusion of solvated species therein. For the boundary
conditions, all channel walls including membranes were considered
chemically inert and rigid (membrane bulging was considered quali-
tatively for model refinement); no liquid slip along and no penetration
through the walls was permitted; inlets were transparent, and inflow
was described by the volumetric flow rate; outlets were transparent
and described by zero pressure. Stationary as well as time-dependent
solutions were calculated to obtain stationary velocity and pressure
maps as well as local time-dependent solute concentration profiles,
respectively.

Due to the highly parametrized implementation of the initial
model®, virtual prototyping was feasible through reasonable screen-
ing of model input parameters. Most relevant parameters were the
lateral extension of the central nanochannel, wyc, (defining the width
of the on-chip bypass channel), the height of the on-chip bypass
channel, hgp, the diffusion coefficient D of the solute as well as the total
volumetric flow rate, Q.. Screening of geometric parameters was
performed within the intrinsic limitations of the setup, i.e., dimension
of the small E-chip (2 mm x 2 mm x 0.2 mm), with wyc and hgp ranging
from 0.05 to 2mm and 150 nm to 50 um, respectively. Qoai Was
screened in the range 300 pL h™ < Qo <3000 pL h™. Diffusion coef-
ficients were selected in agreement with experiment (where appro-
priate) and ranged between 10 m* s and 10 m* s\, For PTA, D was
assumed as Dppa=6-10° m? 7%,

Gold nanoparticle (AuNP) synthesis and characterization
AuNPs were synthesized using the reversed Turkevich method for
citrate-capped AuNPs". Functionalization of AuNPs with BSPP was
done according to ref. 42. In brief, AuNPs were stirred in a BSPP
solution (0.5mL, 78.4 mM, 25°C) overnight, then centrifuged twice
(6000 x g, 120 min) and washed with Milli-Q water for storage.

Agarose film preparation and characterization

Agarose solutions were prepared adapting previously established
routines*’. To the aqueous solution containing AUNPs@BSPP (7.5 L,
25 mM), Milli-Q water (32.5 uL), hot agarose (400 uL, 1% w/v, 90 °C) and
NaCl (40 pL, 1 M) solutions were added consecutively.

To obtain agarose thin-films, 2 uL droplets of the prepared solu-
tion were spin-coated on unmodified large E-chips after plasma acti-
vation. The spinning duration was set to 15 s and the film thickness was
controlled by adjusting the spin speed between 20 and 100 revolutions
per second (rev s™). Atomic Force Microscopy (AFM, Agilent 5500
AFM; Keysight, Santa Clara, USA) was performed under 100% humidity
to characterize thickness of the hydrated thin films. To this end,
manual scratching tests were performed as reported elsewhere*** by
employing a sharp steel tweezer to remove the gel and applying a
constant force within a selected region. The uncovering and the
identification of the support served to provide a defined area to further
measure the height of steps of the samples. Images of 512 x 512 pixels
were acquired in hydrated samples in contact mode in Milli-Q water. A
DNPS silicon nitride probe <10 nm nominal radius, 0.12Nm™ force
constant, and a resonant frequency of 34 kHz (Bruker, Madison, USA)
was used for scanning. Prior to each measurement, the probe was
cleaned with acetone and absolute ethanol. During the scanning, the
sample was always covered with Milli-Q water and the set point was
continuously adjusted to minimize the applied force. The images
were examined by using picoView 1.14 software (Keysight, Santa
Clara, USA).

Nature Communications | (2024)15:2522



Article

https://doi.org/10.1038/s41467-024-46842-3

LP-TEM imaging of nanoscale dynamics

LP-TEM experiments were prepared by spin coating 1% w/v agarose gel
with nominal thickness of 150 nm on a big chip (70 rev s7, 15s; com-
pare above) matching the selected spacer height (see below for
details). Together with modified small chips, a diffusion cell was
assembled in the tip of a bathtub with on-site mixing-type sample
holder (Poseidon 200, Protochips Inc). The relevant geometric para-
meters of the flow setup comprised the height of the on-chip bypass
(10 um) and the extension of the central nanochannel (120 x 650 um?)
rendering diffusion the dominant mass transport mechanism in the
nanochannel.

TEM imaging at a magnification of 27000x was applied to image
particle movement in changing liquid environment with a temporal
resolution of 2 s (acquisition time of 1 s per image and dose rate of 5 e~
nm2 s™). During the 8 min of experiment, the flow of aqueous NaCl
(c=100 mM) solution was interrupted by pure water for 5 min starting
1 min after the image acquisition was initiated. Supplementary Movie 1
depicts the obtained image sequence at a rate of 30 frames per second.
The sequence was analyzed after the experiment by tracking the
motion of particles using ImageJ software (TrackMate plugin®).

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.

Code availability
Custom codes used for this study are available from the corresponding
author upon request.
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