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We present simulations indicating that it should be possible to
construct a switchable nano-scale fluid pump, driven by exothermic
surface reactions. Such a pump could, for instance, be controlled
electro-chemically. In our simulations we explore a simple illustration
of such a pump. We argue that the simplicity of the pump design
could make it attractive for micro/nano-fluidics applications.

1 Introduction

Inducing flow in a nano-channel requires a mechanism which
can efficiently convert energy input into a sustained fluid flow.
As pressure-driven flow becomes less efficient in sub-micron
channels, there is much interest in pumps that use electro,"?
diffusio®™ or thermo®’ osmosis transport mechanisms. Electro-
chemical micro-pumps, which generate convective flow® are also
being explored, but require relatively large channels (order of
10-100 pm) that can sustain fully developed convective flows.
Here, we propose that robust fluidic pumping, can be based
on locally switchable electrochemical or catalytic reactions that
release energy on a reactive surface. Our approach is based on
our recent observation that exothermic energy released on a
catalytic platinum surface can propel micro-sized Janus particles
at a speed of a few microns per second.’ If, instead of considering
an uncontrolled chemical reaction on a Janus particle, we con-
sider a reaction on suitably oriented reactive surface (e.g: on fixed
electrodes), then the surface reaction could generate flow by
exploiting the large, directional momentum release into the fluid
at the electrode surface (see Fig. 1). In the case of electrochemi-
cally driven flow, the exothermic energy release is driven by
applying over-potential that converts an electro-active redox
species in solution. A representative geometry of such a
reaction-driven pump is shown in Fig. 1. In this pump geometry,
we assume a cylindrical channel with an asymmetric conical
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constriction: the active surface is chosen perpendicular to the
tube axis, while the conical surface is inert.

We use a general particle-based model (dissipative particle
dynamics, DPD'>'") to describe the effect of a local kinetic
energy release on the microscopic flow properties of a fluid.
DPD provides a cheap, yet realistic description of micro-scale
hydrodynamic flow in compressible fluids."” In principle, the
surface reaction might also drive thermo-osmotic and diffusio-
osmotic flows (provided the surfaces are suitably functionalized).
However, in this study we intentionally exclude possible osmotic
effects. We use a DPD model, as it allows us to focus on the effect
of direct momentum transfer: we can switch off thermal gradi-
ents to neglect thermo-osmosis, and by using a one-component
fluid, we eliminate possible diffusio-osmosis. Note that inter-
action wall-fluid has been chosen to be repulsive such that there is
negligible excess enthalpy near the surface and thermo-osmosis is

Fig. 1 Sketch of the nano-pump described in the text with a length,
L, and a radius, R. The active element of the pump is a reactive
(e.g. electrode) surface perpendicular to the tube axis. The insert (top
right) in the figure shows a cut through the channel, parallel to the
z-direction. The drawing shows a pair of fluid particles that have picked
up equal and opposite momenta due to the exothermic surface reaction.
Part of the momentum is absorbed by the reactive surface, the rest drives
the fluid flow.
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expected to be negligible in the DPD model even with no
thermostat.

In DPD, the interaction between fluid particles is described
as a sum of pair forces:

fi = (F§ + Fp +Fp), 1)
i

where F“P® denote respectively the conservative, dissipative
and random components of the force. The pair interaction
between fluid particles is given by a quadratic, repulsive
potential, resulting in a pair force:

FS :OC(] —ll‘—lcl)f'ij (2)
where r; denotes the distance |r; — rj| and &; = (r; — 1;)/r;; is the
unit vector in the direction of |r; — rj|. . is the cut-off radius
and is set to 1. The constant « sets the strength of the repulsion:
it is chosen to mimic the compressibility of water.'> The
dissipative and random forces are related via the fluctuation—-
dissipation relation:"!

FY = —yo(ry)(vi - )y,
3)
dw;. (
Fij = \/2kTo(ry)= 4 "k,

where v;; = (v; — v;) is the relative velocity, y is the friction
coefficient controlling energy dissipation into the fluid, and W;;

is a Wiener process: j'OA’dW,-,- = VAt;;, where {; is a standard
Gaussian random number. The weight function o(r) is

rj 2
)

As we chose our DPD model parameters to correspond to
water'® (see also Table 1), our results should be indicative of
pumping rates in aqueous medium, once we correct for the
difference between the viscosity of real water and that of the
DPD model'? (ESIY). In what follows, we use the cut-off distance
r. as our unit of length: for water, r. ~ 6.46 A. The DPD density
is chosen to be pr.* = 3.0. To reproduce the compressibility of
water at room temperature, we choose o = 25 and y = 4.5 as
proposed by Groot and Warren.'> We choose the thermal
energy kgT as our unit of energy, and m, the dimensionless
mass of a fluid particle is our mass unit. As a consequence, our

assumed to be of the form w(r;) = (

unit of time is r./mkpT. The equations of motion were
integrated using a modified velocity-Verlet algorithm'> with a
time step of 10>, corresponding to 3 ps in SI units, allowing us

Table 1 Simulation parameters of DPD fluid

Parameter DPD values Phys. units
Mass (3H,0) m=1 9 x 107 kg
r re=1 6.46 A

€ 1 kT

v e/m 2142 ms*
t vir 3.0 ps

P 3.0 10° kg m 3
DPD: o,y 25.0, 4.5

Q mlt 3H,0 ps '
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to simulate local transient momentum dissipation up to hydro-
dynamic timescales.

The inner surface of the tube geometry is modeled with
‘frozen’ particles and we consider here two different modifica-
tions to the surface (ESIt). The first modification allows us to
change the hydrodynamic boundary conditions on the tube
surface from slip to non-slip. In the slip case, the surface is
formed using smooth high density of frozen particles to suppress
hydrodynamic drag. In the non-slip case, we construct the
boundary to be a non-smooth surface by corrugating the tube
surface sufficiently to measure zero slip velocity of the fluid
adjacent to the surface. The second modification is that we allow
collisions of fluid with the pump surface to be either elastic or
inelastic. When using only repulsive force (but no friction) in
fluid-surface interaction, collisions are elastic and the wall does
not act as an energy sink. Alternatively, we can use dissipative
forces between the fluid and wall particles to define an energy
absorbing (or, more precisely, thermalizing) boundary. The
energy-absorbing surface is not an ideal inelastic wall, and some
slip can still happen in smooth surfaces. However, high energy
from reactions are sufficiently suppressed. Note that in reality,
the chemical reaction is catalysed by the surface, but the heat
released is unrelated to the physical heat of adsorption.

We assume that, during a surface reaction in a catalytic
system, a significant fraction of the reaction enthalpy is taken
up by the fluid. For example: the catalytic reaction 2H,0, — O, +
2H,0 on a Pt surface has a standard enthalpy AH© =1.017 eV.
In the case of reversible electrochemical reactions, heat release
is associated with entropy changes. The heat is measured as
the electrochemical Peltier heat (IT)."* TI is related to the
apparent enthalpy of change in the reaction: IT — W, = AH <,
where W, is the electric work due to electron transfer in
the electrode reaction. For example, for the redox couple
[Fe(CN)s] ¥ %, I ~ 0.5 eVand AH® ~ 1-1.5 eV.' Therefore,
in our model calculations, we consider energy releases in the
range of 0-2 eV.

The energy E released by a surface reaction into the fluid, is
assumed to increase the kinetic energy of relative motion of a
reactive pair of neighboring DPD particles. The pair (a,b) is
chosen by finding the closest fluid particle to the catalytic
surface at the time of reaction. The effect of individual
reactions is additive as discussed later. In our calculations,
we therefore did not compute the reaction rate, but can linearly
extrapolated our results to the experimentally available data. As
we only change the relative motion of two DPD particles, the
total momentum in the fluid is conserved and all species are
unchanged. As a result of a reaction, the kinetic energy of the
DPD particles involved is changed:

AVZ + Ay, - (Va — V) =

E
p (4)
where v, and v, are the particle velocities before the reaction,
while Av, and Avy, are the velocity changes due to energy
injection. Momentum conservation implies Av, = —Av,. The
direction of Av, is chosen from a uniform distribution, and its
magnitude is calculated from eqn (4).
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2 Results and discussion

The average time-dependence of the fluid velocity profile from a
1 eV single reaction in a cylinder with radius of 4r. is plotted in
Fig. 2. The profile is computed by averaging independent DPD
configurations. To improve the statistics of the analysis of the
surface effect on the momentum decay, the fluid thermostat
was switched off in this specific simulation.

We show the results of two limiting cases. One case (drawn
curve) corresponds to slip and elastic boundary conditions. The
other case corresponds to non-slip boundary conditions, and
inelastic fluid-wall collisions (dashed curve). Interestingly,
there is an appreciable flow response, even for the case of
inelastic, non-slip boundaries. It is likely that experiments will
be closer to the non-slip/inelastic case, although increasing the
hydrophobicity of the walls of the channels may change this
picture somewhat."’

The reaction also creates a damped sound wave in the tube
(see Supporting Video, ESIT), which results in temporal oscilla-
tions of the fluid momentum, but this oscillatory flow field
appears not to contribute to the net fluid flow. The fluid momen-
tum imparted by a single reaction decays within 20-30 time units
for the non-slip boundary, but for the slip boundary the initial
momentum has not yet fully decayed on this time scale. Convert-
ing to SI units, transient fluid velocity in the channel peaks at
~1 m s~ ' and decays within 100 ps. Hence, a single reaction
event leads to a DPD fluid volume displacement of order 1 A. By
scaling the viscosity to water (ESIf), we expect an order of
magnitude smaller displacement from a single event, but multiple
reaction events can generate significant pumping rates.

The particle flow rate (Q) is measured by calculating the total
flux of fluid particles mass (m) per time through the channel
surface at z = L,/2. The flow rate is shown as function of the
reaction energy and reaction rate (f) is shown in Fig. 3a and b.
The flow rate is plotted for the two cases of a slip and non-slip
boundary conditions (in what follows, we consider in both
cases an inelastic surface and a thermostated fluid). Fig. 3a
shows that the flow velocity varies as the square root of released
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Fig. 2 z-Direction velocity transient, obtained by averaging over 10*
single reactive events, in a pump with radius of 4r. and a reaction energy
of 1 eV. The figure shows the results for two limiting cases: slip and non-
slip boundary conditions on the wall of the channel. In the non-slip case,
we also assume inelastic fluid-wall collisions.
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Fig. 3 (a) Flow rate (Q, number of DPD fluid particles, Ny, per unit of time)

as function of reaction energy with reaction rate f = 1, for the case of a
non-slip surface (pluses, fitted by dashed lines), and slip surface (circles,
fitted by drawn line). The average flow velocity (|v,|) is also shown in a
secondary y-axis. (b) Flow rate (Q) and average flow velocity (|v,|) as
function of reaction frequency at 1 eV for the non-slip (dashed line) and
slip (drawn line) surfaces. The two square symbols refer to the case of a
‘diffusion limited' reaction at two molecular concentrations (10% and 20%).

energy, indicating that momentum is mainly a result of direct
momentum transfer from reaction energy: in the scenario of
thermo-osmosis the flow velocity would vary linearly with E. In
our simulations, the reaction rates were low enough to ensure
that the flow velocity was linear in the reaction rate. This linear
relation (Fig. 2b) allows us to extrapolate our simulation results
to realistic catalytic and electrochemical rates (which are few
orders slower for water, as discussed below).

We also consider the case of a diffusion-limited rate of
electro-active species in a short pump of a total length equals
L,. The short pump acts as a ‘gate’, releasing fluid from one side
(—L./2) to another side of the nano-channel (Z,/2). The pump
switches-on flow by applying a sufficient over-potential on the
active surface, so the maximum reaction rate is limited by
active-species entering and diffusing through the channel
towards the electro-active surface (electrode). Close to the active
surface and in a reaction zone, active particles would undergo

Soft Matter, 2021,17, N73-177 | 1175
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Table 2 Estimates of the transport in a cylindrical pump driven by surface reactions. The values in the table have been converted from DPD units to S|
units for the case of water at 298 K. The values refer to the geometry shown in Fig. 1 with non-slip and a thermostated wall

Physical estimates Rate [ns '], [s* nm ?] L,,R [nm] Flow Q[H,O s~ '], v.[mm s ']
f=0.1and 1ev 33, 3.6 x 10° 10.3, 2.6 1.05 x 10°, 4.5

Double length 33, 3.6 x 10° 20.6, 2.6 6.3 x 105, 2.7

Double radius & length 72, 3.6 x 10° 20.6, 5.2 1.87 x 10°, 1.97

10% fuel® 4.0, 4.0 x 108 10.3, 2.6 1.27 x 10%, 0.54

10% fuel, reaction-limited rate” 0.017, 1.8 x 10° 10.3, 2.6 3.2 x10° 1.4 x 1073

“ Diffusion-limited rate of electro-active fuel at 10%. The reaction rate and the flux have been converted to values relevant for an aqueous solution,
by scaling the diffusion coefficient and the viscosity of the DPD fluid to water. ” A representative reaction-limited rate equal to 0.25% of the

diffusion-limited rate.

exothermic reactions with energy of 1 eV. The reaction zone in
the diffusion limited case is set to 1.5 r., compatible with the
typical range for electron-transfer in an aqueous electrochemical
system (order of 1 nm). The density of the active particles at the
edge (—L./2) is kept constant to satisfy a Dirichlet boundary
condition. Average rates of the stochastic reaction at two con-
centrations and their observed flow rates are plotted in Fig. 3b.
We note that in addition to reactant diffusion, there is also
advection. However, we found this non-zero Peclet effect to be
relatively small <10%. For water, with a 10% reactant concen-
tration, a pump with a length of 10.3 nm and a radius of 2.6 nm
produces a flow rate of ~1.3 water molecules per nano-second.
The high flow rate obtained for the diffusion limited case shows
that direct momentum transfer rate would be significant for
smaller concentrations and slower reactions rate. Table 2 sum-
marises the computed flow rates for an aqueous solution, as a
function of the key geometric control parameters (tube length,
tube diameter), and the reactant concentration. All results in
Table 2 were obtained for the non-slip, inelastic boundaries.
The fluid flow velocity in water is predicted to be in the order of
1-10 um s~ for catalytic rates which are usually kinetic limited.
The velocity could be increased by a few order of magnitudes by
tuning the size of the pump, the surface of the active area, and by
adjusting the electro-chemical reaction rate. We can also com-
pare the force from a reaction at a unit rate (f= 1) to an effective
force of a laminar flow in a cylinder, and roughly estimate the
force in the pump of DPD fluid as function of size and rates. For
L, =16, R = 4 (in DPD units): Foyy ~ 8L,VQ/R* ~ 0.5 where the
kinematic viscosity of the fluid is v ~ 0.3. The effective force
provides a crude but useful measure of how rates are influenced
by the geometry. For instance, doubling the length L, to 20.6 nm
shows that rate is indeed reduced by around 50% (Table 2). As
expected, the volumetric rate scales approximately as 1/R*. We
did not attempt to optimize the flow rates by systematically
varying the tube geometry or the surface topography.

Other models of pumps based on temperature gradient
show comparable velocities at a micro sized pump.® High
pumping rates (~1 m s~ ') theoretically can be obtained with
high temperature gradients (~20-100 K nm ') at nano-sized
pumps,”'® but such extreme gradients may be difficult to
achieve in experiments.

Experiments on diffusio-osmotic flow have found flow rates
of ~100 fl min~" for a nano-channel with height of 163 nm and
width of 5 pm. If we roughly compare the diffusio-osmosis data

N76 | Soft Matter, 2021,17, 173-177

to the case presented here of a channel that is 3 orders of
magnitude narrower, it would correspond to Q=5 x 10’ H,0 s~
which is of the same order as the rates predicted on the basis of
direct reactive momentum transfer.

In summary, we have shown that heat release due to an
exothermic surface reaction can drive fluid flow in a nano-
channel. Energy from catalytic or electro-chemical reactions
can generate momentum in the fluid which results in signifi-
cant flow rates, provided that the active surface is placed in
such a way that it favors uni-directional momentum transfer
into the fluid. Fabrication of electrodes with such a directional
preference could for instance be achieved using pulse electro-
plating or, possibly, nano-array printing techniques.'” The ease
of design of the pump makes the momentum transfer mecha-
nism attractive for applications and experimental studies.
Further study of the momentum transfer mechanism is also
required. In order to gain a better understanding of the factors
that can affect the direct momentum transfer mechanism,
more detailed, atomistic simulations would be needed. With
such simulations, one could quantify the effect of thermaliza-
tion at the wall and the influence of the topography of the active
surface during heat release.
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