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Figure 1
Motion of particles and !uids induced by concentration gradients of solute molecules interacting with the surface. (a) Solute
distribution around an interacting surface at equilibrium. The (attractive) interaction potential U between the solute and the surface
exerts volumetric force fo on the !uid element that is proportional to the solute concentration, leading to the buildup of an osmotic
pressure πo within the interaction region of length λ. (b) When a solute concentration gradient is established tangent to the surface, the
osmotic pressure is also varied along the surface, causing !uid !ow (diffusioosmosis). (c,d) When a solute concentration gradient is
established around a freely suspended sphere, the osmotic interaction force acted by the !uid pulls the particle toward the higher
concentration side at a velocity up (diffusiophoresis) while the same but opposite force pushes the adjacent !uid to the back by
diffusioosmosis. In such cases, both the particle and the !uid are force-free; panel c illustrates the forces acting on the particle by the
!uid, whereas panel d depicts the forces acting on the adjacent !uid by the particle.

molecules along the surface in the far "eld !c∞ (Figure 1b). In this scenario, the osmotic force
acting on the !uid element fo, and hence the !uid osmotic pressure πo, must vary tangentially
along the surface since they are dependent on the local solute concentration. This pressure imbal-
ance will cause !uid elements within the interfacial region to accelerate until they are balanced by
the viscous stress. Such osmotically driven !uid !ow is referred to as diffusioosmosis, which can
be described by solving the Stokes equations

∇ · uf = 0, 0 = −∇ p+ η∇2uf + fo, 1.

where uf is the !uid velocity, p is the pressure, η is the !uid viscosity, and fo = −
∑

ici!Ui is the
osmotic interaction force felt by the unit !uid volume containing solute species i of concentration
ci.The steady-state solute !ux ji and the distribution ci, which are also in!uenced by the interaction
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Table 1 Some common expressions for interaction potential U( y) between a solute molecule and a !at surface

Interaction Potentiala Note(s)

Coulombic U ( y) = zeζ e−y/λD Low potentialb (Debye–Hückel)

U ( y) = 2kBT ln
(
1+γ ey/λD
1−γ ey/λD

)
z:z electrolyte (Gouy–Chapman)

Dipolar U ( y) = kBT
{
1 − 4µ

zeλD
· γ e−y/λD
1−γ 2e−2y/λD

· coth
(

4µ
zeλD

· γ e−y/λD
1−γ 2e−2y/λD

)}
z:z supporting electrolyte

Steric U ( y) =
(
R
y

)n n → ∞ for hard repulsion
n ≈ 9–16 for soft repulsion

Van der Waals U ( y) = − πCρ

6y3

aHere z is the charge number; e the elementary charge; λD =
√

εkBT
e2

∑
i ciz

2
i
the Debye screening length; ε the permittivity of the solution; ζ the zeta potential;

γ = tanh
( zeζ
4kBT

)
; µ the solute dipole moment; R the solute radius; C the coef!cient in the atom-atom pair potential; and ρ the molecular number density of

the wall.
bζ <

kBT
ze .

force, can be described by the Smoluchowski advection–diffusion equations

∇ · ji = 0, ji = −Di∇ci + ciu f − Dici
kBT

∇Ui, 2.

where Di is the diffusivity of solute species i.
When the solute is charged (an ion, polyelectrolyte, ionic liquid, etc.), "uid "ow over a charged

wall is driven not only by osmotic stress but also by electric (Maxwell) stress.The local electroneu-
trality of the solute species enforces zero ionic current (

∑
izieji = 0), causing an electric !eld to

arise in the far !eld. Neglecting advective transport, the electric !eld reads (Chiang & Velegol
2014, Gupta et al. 2019)

E = kBT
e

∑
i ziDi∇ci,∞∑
i z2i Dici,∞

. 3.

For a symmetric binary (z:z) electrolyte, this electric !eld simply reduces to Ez:z = kBT
ze β∇ln c∞,

where β = D+−D−
D++D−

is the dimensionless diffusivity contrast between the cation (+) and the anion
(–). This electric !eld induced by the asymmetric diffusion of ionic solutes drives the electroos-
motic "ow. Therefore, solute gradients can induce diffusioosmosis via two independent driving
forces: osmotic stress and electric stress. It is common in the literature to explicitly distinguish the
osmotic contribution from the electric contribution by referring to the osmotically driven "ow as
chemiosmosis, so that diffusioosmosis encompasses chemiosmosis and electroosmosis when the
solute is charged.

2.3. Motion of Freely Suspended Surfaces: Diffusiophoresis
When the surface is freely suspended, as in the case of colloidal particles, the spatial imbalance
in the surface stress will cause the surface to move. Consider a rigid, spherical particle with a
radius of a immersed in an unbounded "uid containing solute molecules that interact with the
particle surface through the same interaction potentialU (Figure 1c). In this scenario, the osmotic
force felt by the particle Fo is stronger at the side of higher solute concentration compared to
the lower-concentration side, resulting in particle motion toward higher solute concentration at
the particle velocity up at steady state. In essence, the particle is being pulled by the attractively
interacting solute molecules. Simultaneously, the same osmotic force felt by the adjacent "uid
drives diffusioosmosis in the opposite direction (Figure 1d).
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Table 2 Some analytical solutions for the diffusiophoretic velocities in the limit of vanishingly thin interfacial layer
(a/λ → ∞)

Solute Particle velocity Key assumption(s) Reference(s)

Ionic up = ε
η

(
kBT
ze

)2 {
β zeζ
kBT

+ 4 ln cosh
(
zeζ
kBT

)}
∇ ln c∞ z:z electrolyte Derjaguin et al. 1961, Prieve

et al. 1984

up = ε
η

( ∑
i z2i ∇ci,∞∑
i z2i ci,∞

ζ 2

8 + kBT
e

∑
i ziDi∇ci,∞∑
i z2i Dici,∞

ζ

)
Small zeta potential Chiang & Velegol 2014,

Gupta et al. 2019

Polar up = kBT
3η

(
2µγ
ze

)2 [
1 + γ 2

2

{
1 + 4

5

(
µ

zeλD

)2}]
∇c∞ z:z supporting electrolyte Anderson 1989

Neutral up = − kBT
2η R2∇c∞ Hard sphere Anderson 1989, Staffeld &

Quinn 1989

The forces acting on the particle by the surrounding !uid are the hydrodynamic forceFh due to
diffusioosmosis and Stokes drag and the osmotic force Fo due to the particle–solute interactions.
At steady state, the total force acting on the particle Fp must vanish:

Fp = Fo + Fh =
∫

A

n · (πo + πh)dA = 0, 4.

where n is the normal unit vector pointing outward from the particle surface A. πh and πo are
the hydrodynamic and osmotic stresses acting on the particle surface, respectively. Solving this
equation allows one to "nd the diffusiophoretic velocity of the particle up; some known analytical
solutions in the limit of the vanishing interfacial layer (a/λ → ∞) are provided in Table 2.

For electrolytic diffusiophoresis, it is a common practice to write the velocity as up = M∇ln c∞,
whereM is the diffusiophoretic mobility, which quanti"es the strength of diffusiophoretic motion
for a given solute gradient (Prieve et al. 1984). For symmetric electrolytes in the limit of zero
Debye length, the mobility reads

M = ε

η

(
kBT
ze

)2 {
β
zeζ
kBT

+ 4 ln cosh
(
zeζ
kBT

)}
, 5.

where ε is the permittivity of the solution. The "rst and the second terms on the right-hand
side represent contributions from electric (electrophoresis) and osmotic (chemiphoresis) forces,
respectively. This expression was originally established by Derjaguin and coworkers (Derjaguin
et al. 1961) and then later formally derived by Prieve, Anderson, and coworkers (Prieve et al. 1984).
While this description assumes that themobility is independent of the local solute concentration, it
is not necessarily true as the surface charge is often heavily in!uenced by the local chemistry of the
solution. Because the particles being transported in diffusiophoretic systems experience transient,
spatially varying solute concentrations, it is critical to use a correct model for the diffusiophoretic
mobility that accounts for variable zeta potential effects (see, e.g., Kirby & Hasselbrink 2004,
Akdeniz et al. 2023, Lee et al. 2023).

The availability of the analytical solutions for the particle velocity up and the !ow "eld uf has
been largely based on how the interfacial layer is treated. Typically, the limiting case is when the
interfacial layer is vanishingly thin compared to the scale of the particle (e.g.,Table 2). This scale
mismatch allows any details within the interfacial region to be lumped into an effective slip !ow,
where the relative velocity between the !uid at the edge of the interfacial layer [uf (r = a+ λ) =
uλ
f ] and at the particle surface [uf(r = a) = up] can be considered as a slip velocity on the particle

surface, uslip = uλ
f − up. Then, based on Lamb’s solution of the Stokes equations with zero net

force acting on the surface that encloses both the particle and the interfacial layer, the particle
velocity can be expressed as up = −〈uslip〉, where 〈·〉 is the area average over the particle surface.
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and electrolyte solutions [21]. Diffusioosmosis of an electrolyte solu-
tion, as shown in Fig. 1b, can be considered as the combination of
chemiosmosis involving the tangential gradient of the excess pres-
sure inside the electric double layer and electroosmosis due to the
induced macroscopic electric field that is generated because the tan-
gential diffusion and convection fluxes of the two electrolyte ions are
unequal [22•,23•,24•].

Diffusioosmosis appears and plays an important role in most
applications of diffusiophoresis described above where both macro-
scopic solute concentration gradients and solid walls are in presence.
In addition, applications of the diffusioosmotic flow of electrolyte solu-
tions were reported in the molecular separation and sorting technolo-
gies using permeable membranes [25]. In the energy technologies,
diffusioosmosis has significant effects on the water transport in the
membranes of polymer electrolyte fuel cells [26] and was suggested to
be the origin of a large electric current generation under salinity gradi-
ents inside boron nitride nanotubes [27]. For tight confined geometries
and spaces, diffusioosmotic flowmicropumps based on the dissociation
of calcium carbonate particles were demonstrated in hope of replacing
the bulky electrodes commonly seen in electroosmotic systems [28].

This article reviews the theoretical basics and recent progress in the
field of the diffusiophoresis of charged particles in electrolyte solutions
and diffusioosmosis of electrolyte solutionswith particular emphasis on
the essential analytical formulas and their physical interpretations. For

diffusiophoresis, migrations of two cases of the particles, (1) with thin
polarized double layers but arbitrary zeta potentials and (2) with arbi-
trary thickness in double layers but relatively low surface potentials,
will be discussed in detail. Not only diffusiophoresis of single particles
but also their motions in the proximity of solid boundaries or neighbor-
ing particles are included in the discussion. For diffusioosmosis, fluid
flows along single plane walls, in tube or slit micro/nano-channels,
and in various porous media will be considered. In each system, the
solid wall may have either a constant surface charge density or a con-
stant surface potential of an arbitrary quantity, and both the effect of
the lateral distribution of the diffuse ions (and electrostatic potential)
and the relaxation effect caused by the diffusioosmotic flow itself in
the double layers on the tangential electric field induced by the imposed
electrolyte concentration gradient are taken into account.

2. Diffusiophoresis of charged particles in electrolyte solutions

The differential equations governing the electrostatic potential, ionic
concentration, and fluid velocity distributions for diffusiophoresis of
a charged particle in electrolyte solutions are the Poisson equation,
continuity equation of ionic species, and Stokes/Brinkman equations
modified with an electric force term, respectively, the same as those
for electrophoresis but differing in the boundary conditions imposed
far from the particle. Most theoretical studies of the diffusiophoresis of

Fig. 1. (a) Diffusiophoresis of a charged particle in an electrolyte solution prescribed with a concentration gradient ∇n∞; (b) diffusioosmosis of an electrolyte solution prescribed with a
concentration gradient ∇n∞ tangential to a charged plane wall.
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fundamentals of this surface-flow-driven phenomenon, in order
to properly apply our understandings to more complex or
naturally existing systems (e.g., biological particles, soft particles,
complex geometry, or coexistence of multiple physical origins).
In Section 2, theoretical models for diffusiophoresis and

diffusioosmosis are introduced with two studies that visualized
the influences of the finite double layer thickness and varying
surface potentials.32,35 In Section 3, sources of concentration
gradients are discussed. In Section 4, various particles are
discussed with a remark that surface−liquid interactions
determine the diffusiophoretic behaviors. In Section 5, micro-
fluidic systems and their roles in experimental studies are
discussed in terms of solute gradients and fluid flows present in
the channels. Finally, in Section 6, potential directions that can
be developed by the research communities with academic and
practical objectives are suggested. In the step by step review,
inclusion of my own work is inevitable, as my recent publications
report original findings of complex systems that are not just
proof of concept or validation of a simple model. Even though
diffusiophoresis and diffusioosmosis can be driven by both non-
electrolytes5,58 and electrolytes, most recent studies used
electrolyte solutions to demonstrate diffusiophoresis of charged
particles, so I will discuss electrolyte systems throughout the
paper. Also, diffusiophoresis in this article excludes the self-
diffusiophoresis of active particles.

2. DIFFUSIOPHORESIS AND DIFFUSIOOSMOSIS
When a colloidal particle is suspended in an electrolyte solution,
the surface typically obtains a net charge, and a nonzero surface
potential forms in the liquid in contact with the surface. Under a
concentration gradient of surrounding solutes, the particle
migrates along the gradient by diffusiophoresis, relative to the
fluid. The main mechanism is that the out-of-equilibrium
structure of the electrical double layer (EDL) induces liquid flow
along the particle surface, and as a result, mobile particles can
move in the direction opposite to the surface flow, due to the
viscous stress within the EDL (Figure 1).

2.1. Diffusiophoretic and Diffusioosmotic Mobility

The physical origin of diffusiophoresis and diffusioosmosis is the
same, but in this article I will use both terms to distinguish,
respectively, the particle motion and the flow along a stationary
surface. In typical microfluidic experiments, as the commonly
used channel materials gain nonzero surface charge by
contacting electrolyte solutions,73,74 the solute concentration
gradient will generate diffusioosmotic flows along the walls. For
a surface with a zeta potential ζ in contact with a z:z electrolyte
(e.g., NaCl, NaOH, etc.), a diffusioosmotic flow is generated
along the surface due to the concentration gradient ∇c. The
diffusioosmotic velocity is9,26

μ βζ ζ= − ϵ − − ∇ = Γ ∇
Ä
Ç
ÅÅÅÅÅÅÅÅÅÅÅ ikjjjjj y{zzzzz

É
Ö
ÑÑÑÑÑÑÑÑÑÑÑk T

ze
k T
ze

ze
k T

c cu
2

ln 1 tanh
4

ln lnwdo
B B 2

B

(1)

where ϵ, μ, kB, T, z, and e are, respectively, the electrical
permittivity, fluid viscosity, Boltzmann constant, absolute
temperature, valence, and the charge of an electron. Γw is the
diffusioosmotic mobility, and β is the diffusivity difference
factor, β = −

+
+ −

+ −

D D
D D

, where D+ and D− are, respectively, the

diffusion constants of the positive and negative ions. The above
expression is obtained in the limit of an infinitesimally thin

double layer ( →λ 0
l
D

c
; λ = ϵ

D
k T
z e c2

B
2 2 is the Debye screening

length and lc is the characteristic length scale of the system). For
a particle of the zeta potential ζ, the diffusiophoretic mobility Γp
is then Γp = −Γw, and the term βζ indicates the electrophoretic
contribution due to the difference in ion diffusivities. From the
form of Γp, we understand that the local fluid properties (ϵ, μ, ζ)
and salt behaviors (β, z, c) are major factors that determine
transport of a single particle. Details of the derivation can be
found in the article by Prieve et al.,9 in Section 2.
Prieve and colleagues9 further analyzed the effect of a finite

double layer thickness (0 < λD ≪ 1) by considering a spherical
particle of radius a. The mobility has the form9,32,35

Figure 1. Diffusiophoresis of a particle and diffusioosmotic flow along a surface. (a) Schematic of a concentration gradient of NaCl and a negatively
charged particle. Diffusioosmotic flow (DO) is generated along the particle surface, and the resulting diffusiophoretic motion (DP) is toward high
concentration. (b) Schematic of the surface region of the particle, illustrating the nonuniform double layer due to an ion concentration gradient. (c)
Schematic of diffusioosmotic flow generated along two parallel walls. (d,e) Schematics of (d) chemiosmosis and (e) electroosmosis, respectively. The
dots represent counterions, and the case of negative β (e.g., for NaCl) is described. The same surface flow is generated along the particle surface as
shown in (a), making the particle move in the opposite direction. See Video S1 for animated explanations.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00571
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a charged particle were performed for ideal fluid solutions of a strong
symmetric electrolyte of valence Z with the assumption that the
imposed electrolyte concentration field n∞ is only slightly nonuniform
(a|(∇ ln n∞)0| b b 1, where a is the linear dimension of the particle and
the subscript 0 to a function of position denotes its value at the particle
center) so that the electric double layer is only slightly distorted from
equilibrium and the response of the particle is proportional to the con-
centration gradient (∇n∞)0. Like electrophoresis, in which the particle
mobility is independent of the perturbation in surface potential or
charge caused by the imposed electric field, the diffusiophoretic mobil-
ity is also independent of this perturbation caused by the prescribed
electrolyte concentration gradient [4•]. Namely, the particle mobility
depends only on the zeta potential ζ or surface charge density σ
associated with the particle in a uniform electrolyte solution of con-
centration n0∞.

Taking the distortion of double layer from equilibrium as a perturba-
tion, Prieve and Roman [5•] solved numerically for the diffusiophoretic
velocity of a nonconductive sphere of radius a inmonovalent electrolyte
solutions (see Fig. 1a) for arbitrary values of ζ and κa, where κ−1 is the
Debye length equal to (2Z2e2n0∞/εkT)1/2, ε is the permittivity of the fluid,
e is the elementary charge, k is Boltzmann's constant, and T is the abso-
lute temperature. With consideration of the effect of polarization of the
diffuse ions in the double layer, the dependence of the particle mobility
on the relevant parameters is complicated. The diffusiophoretic
(both electrophoretic and chemiphoretic) mobility of the particle is
not necessary a monotonic function of either ζ or κa (a maximum in
the particlemobility occurs at a finite value of ζ and amore charged par-
ticle can move slower than a lowly charged one, depending on κa). The
chemiphoretic effect disappears as κa = 0. Unlike electrophoresis, the
particle can reverse its migrating direction when the values of ζ, κa,
and ionic diffusion coefficients vary (even if the sign of ζ is not changed
or the electrophoretic effect vanishes). Experiments with latex particles
yielded diffusiophoreticmobilities in quantitative agreementwith these
numerical results [7].

On the other hand, analytical studies of the diffusiophoresis of
charged particles in electrolyte solutions are available for various
cases. Some explicit formulas for the particle velocity resulting from
these studies, which provide physical insights of this phenomenon in
detail, are discussed below.

2.1. Particles with very thin double layers

Awell-known formula for the diffusiophoretic velocity of a noncon-
ductive particle in a constant concentration gradient∇n∞ of a symmetric
electrolyte is [1,4•]

U ¼ 4
ε
η

kT
Ze

! "2

αζ þ ln cosh ζ
# $∇n∞

n∞
0

ð1Þ

where ζ ¼ Zeζ=4kT, α= (D2 − D1)/(D2 + D1), D1 and D2 are the diffu-
sion coefficients of the anion and cation, respectively, and η is the
viscosity of the fluid. The term involving the diffusivity difference
parameter α is the contribution from electrophoresis due to the
induced macroscopic electric field E = αkT∇n∞/Zen0∞, which is just the
Smoluchowski result, and the other term is the contribution from
chemiphoresis; the effects of electrophoresis and chemiphoresis are
decoupled since ∇n∞ is relatively small. The electrophoretic mobility is
proportional to the product of α and ζ, and the sign of this product
determines the direction of electrophoresis with respect to the concen-
tration gradient. For the special case of D2 = D1 (α = 0), the particle
movement is due to chemiphoresis only and in the direction of increas-
ing solute concentration, regardless of the sign of ζ; the particle velocity
is a monotonic increasing function of the magnitude of ζ (proportional
to the even function ln coshζ, or ζ

2
asζ→0). Amap showing the depen-

dence of the direction of diffusiophoresis on the pair of α and ζ is given
in Fig. 2. Within the first and third quadrants, electrophoresis is in the

same direction as chemiphoresis, whereas inside the second and fourth
quadrants the two compete and a change in the magnitude of either α
or ζ (although its sign remains unchanged) can cause a reversal in the
direction of diffusiophoresis.

Eq. (1) indicates that the diffusiophoretic velocity of a particle
(which is force and torque free) is independent of the particle size and
shape (and there is no rotational motion of the particle since the ambi-
entflow is irrotational). However, similar to the Smoluchowski equation
for electrophoresis, its validity is based on the assumptions that the
smallest principal radius of curvature at any point on the particle surface
ismuch greater than the thickness of the electric double layer surround-
ing the particle and that the polarization effect of the diffuse ions in the
double layer is negligible. To obtain Eq. (1), a slip velocity due to the tan-
gential diffusioosmotic flow at the particle surface is used as the bound-
ary condition for the fluid flow outside the double layer.

2.2. Particles with thin but polarized double layers

The derivation of Eq. (1) is based on the assumption that the thin
electric double layer is undistorted by the imposed electrolyte concen-
tration gradient, or the electric potential and electrolyte concentration
beyond the double layer do not depend on the dynamics inside the dou-
ble layer. However, the tangential concentration gradient and thus ionic
fluxes varywith position over the particle surface, and these ionic fluxes
within the double layermust be balanced by a flow of ions from outside
the double layer. This effect is known as the polarization or surface con-
duction of the double layer [2]. A thin-layer polarizationmodel inwhich
the polarization effect arises in the boundary condition for the ionic
electrochemical potentials at the outer edge of the thin double layer
and allows for diffusion and conduction of the ions into the double
layer and their dispersion along the particle surface demonstrated its
simplicity for the evaluation of electrophoretic and diffusiophoretic
velocities of particles with arbitrary ζ [29,30].

For the case of diffusiophoretic motion of a colloidal sphere of radius
awith a finitely thin but polarized double layer in a constant electrolyte
concentration gradient ∇n∞, the formula for the particle velocity was
analytically derived as [31•]

U ¼ 4ε
3η

kT
Ze

! "2

c01−c02 þ 2þ c1 þ c2ð Þα
% &

ζ
n

þ 2þ c01 þ c02 þ c1−c2ð Þα
% &

ln cosh ζ
o∇n∞

n∞
0

ð2Þ

Fig. 2. A map showing the direction of the diffusiophoretic velocity of a charged particle
(or the opposite direction of the diffusioosmotic velocity of an electrolyte solution along
a charged plane wall) as a function of Zeζ/kT and α predicted by Eq. (1).
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Colloid: microscopic
particle stably
suspended in a solvent

van der Waals forces:
collection of short-
ranged forces between
neutral atoms and
molecules

a uniform concentration gradient ∇c far from the particle, the diffusiophoretic velocity UDP is
UDP = (kBT/η) K L∗∇c, where kB is Boltzmann’s constant, T is the absolute temperature, and K
and L∗ are length scales that depend on the physical interactions among the particle and solute
molecules (Anderson 1989). Derjaguin et al. (1947) introduced the idea that solute gradients can
induce fluid flows and studied a concentration-gradient-driven slip flow over a planar surface
and the phoretic migration of colloids due to an electrolyte concentration gradient (Derjaguin
et al. 1961). In the 1980s, diffusiophoresis was observed experimentally in both electrolyte and
nonelectrolyte gradients (Staffeld & Quinn 1989a,b) and analyzed theoretically for gradients of
nonelectrolytes (Anderson et al. 1982) and electrolytes (Prieve et al. 1984).

In this section, we focus on neutral-solute self-diffusiophoresis, in which self-propulsion arises
from gradients of electrically neutral solute molecules or particles (Figure 1). Self-diffusiophoretic
motion requires that the particle and solute experience a mutual repulsive or attractive inter-
action(s), which may include steric repulsion, van der Waals forces, electrostatics, or others.
Asymmetry in the solute concentration generally leads to asymmetry in the interaction forces

ψ

λ

λ

R 2P

a

U(r)

INERT

Solute !ux

INERT

CATALYTIC

CATALYTIC

a b
  CR,∞ 

Pe = 0

2bR2bP

Figure 1
(a) Schematic illustration of self-diffusiophoresis due to neutral solute gradients with one reactant (blue) and one product ( yellow). The
reactant and product can be modeled as colloidal particles having radii bR and bP, respectively. The swimmer is a colloidal Janus sphere
with inert (light gray) and catalytic (dark gray) hemispheres. In this realization of self-diffusiophoresis, the catalytic half promotes the
conversion of one reactant particle into two product particles, R→ sP (where s = 2) whenever an R particle comes into contact with the
catalytic surface. Here, the far-field concentration of reactants is cR,∞ and that of products is zero. The swimmer experiences a
generalized repulsive interaction with both solutes that is significant over a length scale λ, and is described mathematically by a
potential function ψ . As a result of the interactions, a phoretic fluid flow occurs from the inert to the catalytic side of the swimmer, and
the P particles migrate, due the chemical potential gradient, in the direction opposite the fluid flow. In this figure, the swimmer moves
from right to left (i.e., toward lower concentration of P). (b) Concentration of reactant species R (red represents low concentration; blue
represents the uniform far-field concentration cR ,∞) near a self-diffusiophoretic swimmer. As in panel a, here the right half of the motor
is reactive and the left half is inert. However, in this case, the motor consumes reactants only and does not release any product particles.
Thus, panel b depicts a special case of panel a, specifically when s = 0. The swimmer experiences a repulsive interaction with the
reactants and hence, in this case, would move from left to right (toward the catalytic half and lower R concentration). Here, the effects
of the fluid flow on the concentration distribution of R are assumed negligible (Pe = 0). Panel b adapted with permission from
Córdova-Figueroa & Brady (2008). Copyright 2008, American Physical Society.
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Motion
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Figure 3
(a) Self-electrophoresis of platinum-gold nanorods. Self-electrophoretic rods are typically 200–400 nm in diameter and up to 2 µm
long. They function as short-circuited electrochemical cells, with the forward metal acting as the anode and the aft metal as the
cathode. Hydrogen peroxide is oxidized on the platinum (anode) surface in a reaction that releases protons into the fluid surrounding
the anode and electrons into the metal interior. Driven by the difference in electron affinity between the two metals, the electrons
conduct through the rod to the gold (cathode) end. The protons and electrons are consumed in the reduction of peroxide on the gold
end, which yields water. The reactions lead to an asymmetric charge density distribution in the diffuse layer surrounding the rod, which
generates a corresponding electric field that is continually sustained by the reactions. The electric field exerts a body force on the
(positive) net charge in the electrical double layer, resulting in fluid motion from the platinum to the gold end and motion of the
(negatively charged) particle with the platinum end forward. (b) Magnified view of the electrical double layer near the rod surface,
showing the Stern layer and the diffuse Gouy-Chapman layer. The potential drop from the rod surface to the outer Helmholtz plane
(OHP), !φS, drives the electrochemical reactions, and the potential at the slip plane (approximately the outer Helmholtz plane), ζ ,
represents the effective voltage across the diffuse layer and influences the electrophoretic mobility. (c–e) Simulated (c) proton
concentration (colored contours) and electrical potential (contour lines), (d ) charge density (colored contours) and electric field streamlines,
and (e) velocity magnitude (colored contours) and flow streamlines (lines). In panel c, the electrical potential is the most negative nearest
the rod surface (approaching ζ ) and approaches zero as the distance from the rod increases. The velocity field in panel e is depicted
in the reference frame of the swimmer. The motion of the fluid from right to left indicates that, in the reference frame of the bulk fluid,
the motion of the rod is from left to right, with the anode directed forward, as is universally seen in experiments. Panels a and c–e
adapted with permission from Moran et al. (2010). Copyright 2010 American Physical Society.

and, to a lesser extent, electroconvection (Moran et al. 2010). Within the rod, electrons liberated
in the oxidation reaction conduct from platinum to gold to complete the electrical circuit. In other
words, the nanomotor functions as a short-circuited electrochemical cell that generates a surface
flux of protons at the anode (platinum end) and consumes protons at the cathode (gold end). The
ions drag fluid in the same direction, leading to relative motion between the particle and fluid
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