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Abstract In this work, we propose a novel carbon

nanofiber (CNF) emitter for electrospray ionization

(ESI)–mass spectrometry (MS) applications. The pro-

posed emitter comprises an array of CNFs around the

orifice of a microscale capillary. The electrospray ion-

ization process is simulated using a CFD code based on

Taylor–Melcher leaky-dielectric formulations for

solving the electrohydrodynamics and volume-of-fluid

(VOF) method for tracking the interface. The code is

validated for a conventional multiple electrospray

emitter and then applied to simulate the CNF emitter

model. The modeling results show that under steady

state condition, individual cone-jets are established

around each of the CNFs resulting in an array of

electrosprays. The approach being taken to fabricate

the CNF emitter is briefly discussed. Effects of geo-

metrical parameters including aspect ratio of CNFs,

total number of CNFs and distribution pattern of the

CNFs on the electrospray performance are studied.

The influence of operating parameters such as flow

rate, potential difference and physical properties of the

solvent on the electrospray behavior is thoroughly

investigated. The spray current, ‘onset’ potential and

jet diameter are correlated with total number and

distribution of CNFs and physical properties of the li-

quid. The correlation results are compared with the

available results in the literature. Higher spray current

and lower jet diameter indicate that the device can

perform equivalent to nanospray emitters while using a

micro-scale orifice. This allows higher sample

throughput and eliminates potential clogging problem

inherent in nano-capillaries.

Keywords Carbon nanofiber � Electrospray
ionization–mass spectrometry � Taylor–Melcher leaky-

dielectric formulations � Electrohydrodynamics �
Volume of fluid

1 Introduction

The formation of electrospray from a capillary by

applying a high electric potential across its orifice is a

well known technique originally demonstrated by

Zeleny (1914, 1917). The indication of Dole et al.

(1968), Clegg and Dole (1971) and Fenn et al. (1989)

that electrospray can be used for atomization of large

bio-compounds spurred further investigations into this

technique. Single-jet atomization that requires less

energy is a more common method of electrospray and

has been widely studied. In the last few years, modeling

and experimental works on several novel single-jet

electrospray emitters have been reported (Arscott

et al. 2004; Amirkhani et al. 2004; Wang et al. 2004;

Trapp et al. 2005; Griss et al. 2002; Kim and Knapp

2001; Jian et al. 2004). The authors have previously

published modeling and experimental investigations

on a carbon fiber based single-jet emitter which has
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several advantages over conventional single-jet emit-

ters (Sen et al. 2006). However, low liquid throughput

and less ion current of such emitters have limited their

applicability. Use of a combination of several single-jet

emitters is operationally and technically complex.

Multiple electrospray emitters have several advantages

over single-spray emitters in terms of high sample

throughput and improved mass spectrometry sensitiv-

ity and hence, they are becoming more attractive op-

tions for generating electrosprays.

Development of several multiple electrospray

emitters have been reported in the last few years. A

schematic diagram of a typical multiple cone-jet elec-

trospray process is depicted in Fig. 1. Huberman et al.

(1968) reported a less compact multi-injector with

holes instead of needles. Rulison and Flagan (1993)

used a linear array of capillary tubes placed parallel to

each other to achieve an increased liquid throughput

rate. Amekinders and Jones (1999) published an elec-

trospray atomizer with several emitters in the form of

serrated channels equidistantly arranged on a tip. Re-

cently, Schultz and Corso (2000) proposed a micro-

fabricated emitter array which can be fabricated on a

silicon wafer using photolithographic patterning and

plasma etching technique. This technique made system

integration for high-throughput applications possible

where each emitter can be connected to an individual

sample reservoir and operated sequentially. However,

the spray nozzles fabricated using such technology can

be reliably used only for little more than an hour. More

recently, Tang et al. (2001) reported a micro-electro-

spray emitter array fabricated from a polycarbonate

substrate using a laser ablation method that offers ex-

tended lifetime and higher sensitivity. Regele et al.

(2002) investigated an array of four capillary nozzles

with an intention to increase liquid throughput without

increasing the size of the droplets produced. In the

same work they studied the effects of capillary spacing

on the potential required for electrospraying. In addi-

tion, a simple electrostatic model is also presented to

support the experimental results. Bocanegra et al.

(2003) presented a multiple electrospray atomizer that

uses holes drilled on a hydrophobic plate instead of

conventional tips. In this case the curvature of the

meniscus sticking out from the hole provides an

intensified electric field required for electrospraying.

Deng et al. (2006) proposed a compact microneedle

injector microfabricated in a hexagonal pattern on a

silicon thin plate. Duby et al. (2006) reported an

inexpensive multiplexed electrospray system that re-

sults in multiple stable cone-jets emanating from a

single capillary under certain conditions. Recently,

Kaiser et al. (2003) investigated multiple electrosprays

coupled with catalytic meshes acting as ground elec-

trodes for a combustor design. The behavior of elec-

trospray is examined at elevated temperature

environments and the electrosprays in the combustor

were visualized using planar laser-induced fluores-

cence. Using the novel electrospray-assisted combustor

it was possible to achieve clean and highly efficient

combustion.

Most of the works on multiple electrospray emitters

are based on experiments or theoretical analysis. Re-

cently, Yoon et al. (2001) simulated the multi-jet mode

of electrospray using the boundary element method

(BEM) to investigate oscillations and instabilities in

electrosprays. This is believed to be the first modeling

work in studying multiple cone-jet electrospray; how-

ever, the governing equations were oversimplified.

Carbon nanofibers, when subjected to an electric

field, can generate a high electric field at their sharp

tip. The CNFs grown around the orifice of a microscale

capillary can serve as emitter points for generating

electrosprays. Numerous techniques have been pro-

posed for growing CNFs, including arc-discharge, laser

ablation and chemical vapor deposition (Ebbesen and

Ajayan 1992; Thess et al. 1996). However, only few

techniques can be utilized for controlled growth di-

rectly on a substrate (Ren et al. 1998; Merkulov et al.

2000; Chhowalla et al. 2001). Controlled growth of

CNFs on silicon and thermoplastic substrates using

plasma enhanced chemical vapor deposition (PECVD)

has been demonstrated (Hofmann et al. 2003; Ryu

et al. 2003). Recently, growth of vertically aligned

carbon nanofibers at lower temperature (~120�C) on

plastic substrates has been reported (Hofmann et al.

2003; Melechko et al. 2003).

In this work, we propose the concept of a novel

multiple cone-jet electrospray emitter based on an ar-

ray of carbon nanofibers vertically grown around the

orifice of a microscale thermoplastic capillary. CFD

simulations were performed to study the feasibility of

the idea and investigate the performance of the CNF

Fluid
reservoir

Array of 
emitters 

Multiple 
electrosprays 

Fig. 1 A typical multiple cone-jet electrospray process
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emitter with respect to several geometric and opera-

tional parameters. A computational fluid dynamics

code (Flow-3D) was utilized to simulate the electro-

spray process. The approach being considered for mi-

crofabrication of the CNF emitter is briefly discussed.

The influence of emitter geometry, flow rate, applied

voltage and liquid properties on the electrospray per-

formance of the emitter is thoroughly investigated. The

spray current, ‘onset’ potential and jet diameter are

correlated with total number and distribution of CNFs

and physical properties of the liquid. The correlation

results are compared with the available results in the

literature. In the following section, theory of electro-

hydrodynamic flows is briefly discussed. Then, valida-

tion of the CFD code for a conventional multiple

electrospray emitter is reported. Furthermore, 3-D

simulation results for the CNF-based model is pre-

sented and discussed. Then, results of the parametric

study of the electrospray performance of the CNF

emitter is presented and discussed. Finally, the fabri-

cation approach is briefly discussed.

2 Theory

In this section, theory of the electrospray process is

briefly discussed. A detailed description is previously

reported in (Sen et al. 2006). The formulations for the

cone-jet phase of the electrospray process include

Navier–Stoke’s equations for the fluid flow and Max-

well’s equation controlling the electromagnetic phe-

nomena. The aqueous solutions of bio-samples used in

electrospray processes are characterized by low elec-

trical conductivity. For such leaky-dielectric fluids,

magnetic forces are negligible and Maxwell’s equations

are reduced to the electroquasistatic limit falling in the

realm of electrohydrodynamics (Castellanos 1998).

In the code, the EHD formulations are based on the

Taylor–Melcher leaky dielectric fluid model (Saville

1997) and two different fluids are analyzed: liquid

sample and electrospray medium. The present model

assumes negligible bulk free charge density and the

electric field is assumed to be irrotational and diver-

gence-free throughout the computational domain. At

the interface, the flow and electric fields are coupled

and to balance the force developed due to the tan-

gential component of the electric field acting on the

interface, viscous flow is developed. The various forces

acting on a multiple cone-jet interface are shown pic-

torially in Fig. 2.

The governing equation for the electric field

throughout the computational domain is

r2/ ¼ 0: ð1Þ
At the interface, the tangential component of the

electric field ~E ¼ �r/ is continuous and there is a

jump of the electric field in the normal direction, which

is proportional to the interfacial charge density q,

~n � elr/l � emr/mð Þ ¼ q ð2Þ
~ti � elr/l � emr/mð Þ ¼ 0; ð3Þ
where / is the electric potential,~n is the unit normal of

the interface directed in to the electrospray medium,~ti
represents either of two orthogonal tangent vectors

embedded in the surface. el and em are dielectric

constant of liquid and the medium, respectively. The

accumulation of interfacial charge density qis

represented by the charge conservation equation,

dq

dt
¼ �~n � r r/lð Þ; ð4Þ

where d=dt is the Lagrangian derivative and r is the

electrical conductivity of the liquid. The free charges

accumulated at the interface induce an electric field

normal to its surface which results in normal (Tn ) and

tangential (Tt ) stresses acting on the interface,

Tn ¼ 1

2
el ~n � r/lð Þ2 � em ~n � r/mð Þ2
h i

ð5Þ

Tt ¼ �qð~ti � r/Þ: ð6Þ
Assuming the liquid to be incompressible (of constant

density q) and of constant viscosity g, its motion is

described by the continuity and momentum

conservation equations,

r �~u ¼ 0 ð7Þ

q
d~u

dt
¼ �rpþ gr2~uþ~fe þ q~g; ð8Þ

Surface
tension

Gravity

Viscosity
Normal electric 
stress

Tangential
electric stress 

Electric
polarization stress 

Fig. 2 Distribution of forces on a multiple cone-jet
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where ~u is the flow velocity, p is the fluid pressure and
~fe is the electromechanical force. The expression for

the electromechanical force can be derived from

thermodynamic considerations (Melcher 1981),

~fe ¼ r � ~Te ¼ qe~E� 1

2
~E
���

���2reþrpst; ð9Þ

where ~Te is the electrical stress tensor, qe is the net free
charge density, and pst ¼ 1

2 e� e0ð Þ ~E
���

���2; is known as the

electrostrictive pressure, where e and e0 are the

permittivity of the liquid and vacuum, respectively.

The first term in Eq. 9, known as the Coulomb force, is

the strongest EHD force and is the force per unit

volume on a medium containing free electric charge.

The second term, called the dielectrophoretic force,

arises due to the force exerted by an electric field on a

non-homogeneous dielectric fluid. The third term

represents the electromechanical force density due to

the non-uniformity of the electric field. The tracking of

the interface is achieved using the volume of fluid

(VOF) technique (Hirt and Nichols 1981). In this

technique, the time evolution of the interface between

the liquid and air is defined by a volume fraction

function F such that,

dF

dt
þ~u � rF ¼ 0 ð10Þ

The above equation represents the kinematic

condition at the interface. The interface is tracked

using the following conditions:

Fðx; y; z; tÞ ¼
0 outside the liquid
1 inside the liquid

[0;\1 on the free surface.

8<
: ð11Þ

The electrospray current (I) is calculated using the

following relation (Hartman et al. 1999),

I ¼ Iconduction þ Iconvection

¼ pR2
s
~Ezrþ 2pRs~uzq;

ð12Þ

whereRs is the jet radius, ~Ez is the electric field on the

surface of the jet along z-direction,~uz is the velocity of

jet in z-direction and q is the surface charge density.

3 Validation model

The code is validated for a conventional multiple cone-

jet electrospray emitter reported by Tang et al. (2001).

The geometry of the emitter is shown in Fig. 3. It

comprises an array of nine emitters on a 1 mm thick

polycarbonate sheet. Figure 4 shows schematic of the

validation model. The separation between the emitter

and the counter electrode is maintained at 5 mm. A

potential difference of 7 kV is applied between the

emitter and the counter electrode. The liquid sample is

a mixture of MeOH/H2O/HOAc with the following

physical properties: density q = 1,030 kg m–3, coeffi-

cient of viscosity l = 0.008 Pa s, coefficient of surface

tension c = 0.037 Nm–1, dielectric constant k = 55

and electrical conductivity r = 135 lS m–1.

3.1 Boundary conditions

The boundary conditions for the above model are de-

scribed with reference to Fig. 5. Boundary 1 (or, Inflow

boundary): uniform velocity ~uz ¼ u0; stagnation pres-

sure boundary condition, which represent presence of

an infinite-fluid reservoir continuously supplying fluid

(a) (b)

1000 µm

30 µm ID orifice 

1.1 mm 

1.1 mm

x

y

y

Fig. 3 a The multiple electrospray emitter (Tang et al. 2001). b
Geometry of each electrospray emitter

z

x

Fig. 4 Cross-sectional view of the validation model

1
2z

Fig. 5 Boundaries of the computational domain for the valida-
tion model
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to the nozzle, fluid fraction function F = 1, where, u0
= Q/A, A is the total flow cross-sectional area of the

nozzles and Q is the total flow rate and ~uz is the

velocity along the z-direction. Boundary 2: continua-

tive boundary conditions, @/@z ¼ 0; @~uz@z ¼ 0;F ¼ 0: For all

other boundaries: symmetric boundary conditions. The

counter electrode is assigned a potential / = 0 and

the nozzles are assigned a potential / = /0, and a

dielectric constant e = 2.9, where /0 is the potential

difference between the emitter and the counter elec-

trode. The boundary conditions at the interface bal-

ance surface tension, pressure, viscous stresses and

electric stresses (Eqs. 5, 6). The electrical boundary

conditions at the interface consider that the tangential

components of the electric field ~E are continuous

(Eq. 3) and the normal components jump by an

amount proportional to the free charge density q

(Eq. 2). The kinematic condition at the interface is

presented in Eq. 11. The mechanical boundary condi-

tion at the interface is governed as follows:

~n � ½~Tm þ ~Te� �~n ¼ cr �~n; ð13Þ

where ~Tm is the mechanical stress tensor, c is the

coefficient of surface tension. The initial conditions for

the liquid in this case are: ~uz ¼ u0; q ¼ 0 and the fluid

fraction function on the interface F = 0.5.

3.2 Results and discussion

Figure 6 shows section of a 3-D computational mesh

built around the model with (90, 90, 110) cells in (x, y,

z) directions. The steady state cone-jet profile and the

electric potential contours are shown in Fig. 7. The

variation of electrospray current per electrospray as a

function of liquid flow rate per electrospray is pre-

sented in Fig. 8. It is observed that the electrospray

current predicted by the model is consistently higher

than that measured in the experiments and the agree-

ment is within 15%. The reason for the mismatch could

be due to space charge which is neglected in our sim-

ulation. Since the present model is not intended to

simulate the jet break-up or droplet fission phases of

the ESI process, the jets extend from the apex of the

cones to the counter electrode in order to satisfy con-

servation of mass. A numerical simulation of all re-

gimes of the ESI process including cone-jet, jet break-

up and droplet fission is an extremely challenging task.

Our future work will be focused on developing a

numerical tool to investigate the entire ESI process.

Assuming that each of the electrosprays carries

approximately the same current (I/n) and flow rateQ is

distributed equally to each of the orifices, the current-

flow characteristics for the validation model can be

fitted using the following relation,

Fig. 6 Non-uniform 3-D mesh with (90, 90, 110) cells in (x, y, z)
directions

Fig. 7 Cone-jet profile and electric potential contours at a flow
rate of 2,000 nl/min
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ðI=nÞ ¼ mIQ Q=nð ÞnIQ ð14Þ

where n is the number of emitters in the array, mIQ and

nIQ are constants. The value of nIQ predicted by the

model is 0.42 which matches well with 0.44 as measured

from experiments. Both of the values are close to the

theoretical value of 0.5, reported in the literature

(Higuera 2004; De la Mora and Loscertales 1994; Ga-

nan-Calvo 1997).

4 Carbon nanofiber (CNF) electrospray emitter

4.1 Description of computational model

The carbon nanofiber based computational model is

shown in Fig. 9a. The model comprises an array of

CNFs grown around the orifice of a thermoplastic

capillary of internal diameter D. The CNFs are conical

in shape with a base radius r and length h as shown in

Fig. 9c. The radial pitch (Rp) and circumferential pitch

(Cp) in the distribution of CNFs in the array is de-

picted in Fig. 9d. A thin conductive layer is used on the

periphery to maintain electrical connection to the

nanofiber array. A constant potential difference of Vo

is maintained between the carbon fiber and the counter

electrode, which is located at a distance L from the

capillary tube terminus. The electrospray is produced

by infusing a leaky-dielectric fluid of density q, vis-
cosity l, electrical conductivity r dielectric constant k,

and surface tension coefficient c at a constant volu-

metric flow rate Q.

4.2 Boundary condition

The boundary conditions for the CNF based model are

similar to that described in section 3.1. However, in this

case the high potential is applied to the carbon nano-

fiber array. The thermoplastic capillary tube is mod-

eled as an insulator with a dielectric constant of 3.2.

4.3 Results and discussion

The configuration of the base model considered in the

present simulation is as follows: D = 55 lm, d =

1,000 nm, l = 15 lm. The counter electrode is located at

a distance of 0.4 mm from the nozzle (L = 0.4 mm). A

potential difference of 1,200V was maintained between

the carbon nanofiber array and the counter electrode for

electrospraying a mixture of MeOH/H2O/HOAc. Tak-

ing advantage of the symmetry of the emitter about x

and y axis one-quarter of the emitter is considered for

simulation as shown by the dotted lines in Fig. 9 (b).

Figure 10 shows a section (in x–y plane) of a 3-D

mesh built around the model with (100, 100, 120) cells

in (x, y, z) directions. In order to ensure that the results

(a)

(b) (c)

(d)

CNF emitter       MS electrodeCarbon nanofiber array 

z

x
D

L

V0

x

y

r

h

       Rp

Cp

z

x

Fig. 9 a CNF emitter based model. b Array of CNFs on around
the orifice, c geometry of an individual CNF, d Radial and
circumferential pitch in the CNF array

Fig. 10 Section (x–y) of a non-uniform 3-D mesh with (100, 100,
120) cells in (x, y, z) directions

123

Microfluid Nanofluid



are mesh independent, mesh convergence study was

performed. The maximum electric field intensity as a

function of total number of cells in the computational

domain is shown in Fig. 11. The results indicate that

the mesh in the computational domain is refined en-

ough to achieve a good resolution. Figure 12 shows

that the cells in the region containing the CNFs were

small enough and a good resolution was achieved with

cell size less than 0.4 lm in x- and y-directions. The jet

diameter is defined at a section of the jet where it does

not vary along the z-direction which was approxi-

mately 40 lm away from the tube terminus.

Figure 13 shows time evolution of the free surface of

the cone-jet along with the electric potential contours

in the computational domain. Due to interaction be-

tween the electrohydrodynamic forces, the liquid

exiting the nozzle flows laterally towards the carbon

nanofibers in the array. Liquid cones are formed

around each of the carbon nanofibers. When the apex

of Taylor cone profiles reach the sharp tips of the

carbon nanofibers, liquid jets are evolved instanta-

neously and remain steady with time. The nanofiber

located closer to the orifice delivers electrospray ear-

lier than those located far form the orifice. Attainment

of a steady state solution was ensured by observing no

change in the potential distribution, electric field

intensity, charge density, and velocity with time. A

relative residue of 1.0 · 10–7 was specified in all sim-

ulations. In this particular case, the steady state was

reached at time 2.0 · 10–2 s.

During the steady state the Taylor cones are con-

fined to the sharp tip of the carbon nanofibers where

the electric field is the highest. The electric field

intensity contours presented in Fig. 14 show a large

jump in the electric field across the free surface of the

cone-jet profiles, which is responsible for the normal
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Fig. 11 Maximum electric field intensity versus total number of
cells in the computational domain
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Fig. 13 Time evolution of cone-jet profiles and the electric
potential contours in the computational domain
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and tangential electric stresses. The normal stress

maintains the cone shape and the tangential stress

accelerates the liquid towards the jet. The variation in

the electric potential along a cone-jet axis is presented

in Fig. 15. There is a large drop in the electric potential

near the tip of the carbon fiber which results in a strong

electric field at this region. The charge density contours

on the cone-jet are shown in Fig. 16. As expected, the

free charges are mainly accumulated near the interfa-

cial region conforming to the leaky-dielectric model.

5 Parametric studies

In this section, influence of design and operational

parameters on the electrospray performance of the

CNF emitter is thoroughly investigated. The geometry

Fig. 14 Time evolution of electric field intensity contours in the
computational domain
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Fig. 15 Variation of electric potential along a cone-jet axis along
z-direction

Fig. 16 Time evolution of charge density contours in the
computational domain
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and distribution pattern of the carbon nanofibers in the

array can affect the electrospray performance of the

emitter and can be controlled during the micro-fabri-

cation process. Electrospray performance of the emit-

ter can be different for different solvents having

different physical properties. From an electrospray

performance perspective a higher spray current and

lower jet diameter are desired. A higher spray current

indicates ion abundance and therefore increases the

chances of ion detection. A lower jet diameter results

in a smaller primary droplet which can break easily

into individual ions thus increasing the individual ion

density. ‘Onset’ potential is the minimum potential

required for generating steady electrosprays. A lower

value of ‘onset’ potential is desired as it makes han-

dling of the entire electrospray system easier. The

volume of solvent present inside a Taylor cone is

termed as dead volume as it never gets ionized. An

electrospray with a smaller liquid cone is often stable

and has less dead volume.

The aspect ratio (h/r ratio) of the individual CNFs is

the most important design parameters that can influ-

ence the electrospray performance of the emitter.

Based on the design, three types of variations in the

geometry of CNFs is possible as shown in Fig. 17. Ef-

fects of these variations can be evaluated by studying

the influence of aspect ratio for different values of ra-

dius.

Effects of aspect ratio on the maximum electric field

strength are depicted in Fig. 18. As observed, for a

fixed base radius, a higher aspect ratio gives rise to

increased electric field strength and at a fixed aspect

ratio, CNFs having smaller base radius generate higher

electric field strength. Variation in ‘onset’ potential

with aspect ratio is presented in Fig. 19. As expected,

due to a higher electric field, a higher aspect ratio re-

sults in a lower ‘onset’ potential. For a fixed aspect

ratio, the ‘onset’ potential is less for CNFs having

smaller radius.

Length of individual CNFs on the cone-length is

studied and the results are shown in Fig. 20. Since the

jet emanates near the tip of the carbon fiber where the

electric field strength is the highest, the length of

h

r

(a) (b) (c)

Fig. 17 a h varies with r remaining constant, b r varies with h
remaining constant, c both h and r vary
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the cone increases linearly as the length of the CNFs.

Therefore, for a fixed base radius, CNFs having higher

length result in higher electric field and lower ‘onset’

potential but simultaneously CNFs of higher length

also generate higher cone length and hence higher

dead volume. Effects of surface tension of fluid on the

‘onset’ potential are studied in Fig. 21. A solvent of

higher surface tension requires a higher onset poten-

tial. But higher aspect ratio of CNFs can electrospray

solvents of higher surface tension at the same applied

voltage. This is due to the fact that higher electric field

obtained with high aspect ratio CNFs. Effects of aspect

ratio on electrospray current and jet diameter are de-

picted in Fig. 22. As observed, electrospray current

increases with increased aspect ratio which may be due

to a high electric field achieved at a higher aspect ratio.

Also, the jet diameter decreases with increase in aspect

ratio, for a fixed based radius of CNFs. Effects of as-

pect ratio of CNFs on the possible range of operating

flow rate for which a stable electrospray is possible is

studied which is depicted in Fig. 23. As observed, the

range of flow rate for which a stable electrospray is

possible is higher for CNFs of higher aspect ratio.

The effects of the diameter of the capillary and the

distance between the counter electrode and the tip of

the CNF on the performance of the emitter are also

investigated. Electrospray current and jet diameters

were not affected but the ‘onset’ potential was reduced

linearly with decrease in the gap between the emitter

and the counter electrode which is expected theoreti-

cally.

The distribution of the CNFs around the orifice is

another design parameter that can influence the elec-

trospray performance of the emitter and can be con-

trolled by varying the radial and circumferential pitch

between the CNFs in the array. Effects of radial and
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circumferential pitch of the distribution of CNF on the

electrospray current are depicted in Fig. 24. With in-

crease in the pitch, the electric field increases but the

jet velocity and diameter are reduced. The electrospray

current initially increases and then reaches the maxima

after which it again decreases. Effects of the radial

pitch of the distribution of nanofibers in the array on

the ‘onset’ potential are presented in Fig. 25. Due to

interaction between the cone-jets, the ‘onset’ potential

increases as the radial gap between the nanofibers

decreases. For a fixed radial gap, a lower circumfer-

ential gap results in a higher ‘onset’ potential. Increase

in ‘onset’ potential with reduction in the gap between

multiple electrospray emitters have been reported

previously (Regele et al. 2002).

Another design parameter that can influence the

electrospray performance is the total number of CNFs

present in the array. Increase in total spray current

with increase in total number of CNFs in the array is

depicted in Fig. 26. Theoretical predictions of De la

Mora and Loscertales (1994) and Ganan-Calvo et al.

(1997) indicate that electrospray current from a single

emitter is related to flow rate as follows,

In ¼ f ðeÞðQnrc=eÞ1=2 ð15Þ
where,In and Qn spray current from each electrospray

and flow rate though each of the cone-jets,

respectively. If there are N numbers of CNFs in the

array, the total spray current becomes

Itotal ¼
XN
n¼1

In ð16Þ

Assuming that liquid is uniformly distributed to each of

the emitter (i.e. Qn = Q/N), each electrosprays in the

array will carry the same ion current. Therefore,

Itotal ¼ N In ð17Þ

By substituting Eq. 17 in Eq. 15, we have

Itotal ¼ N f ðeÞ ðQ=NÞðrc=eÞ½ �1=2¼ N0:5Is ð18Þ

where Is is the ion current due to a single electrospray

for the same total flow rate Q. Therefore, for a given

flow rate, the total ion current is proportional to square

root of number of electrosprays in the array. By cor-

relating Itotal and N in Fig. 26, the exponent of N was

calculated to be 0.43 which matches the theoretically

predicted value of 0.5 within 14%.

Additionally, electrospray current and flow rate

were normalized with respect to the number of emit-

ters. All the curves matched well indicating the validity

of the assumptions that each of the electrosprays in the

array carries the same flow and spray current. Effects

of total number of CNFs on the average jet diameter

and jet velocity are presented in Fig. 27. Jet diameter is

reduced quadratically and jet velocity is reduced line-

arly with increase in the number of CNFs in the array.

Influence of several operational parameters such as

flow rate, potential difference and physical properties

of the solvent on the electrospray performance of the

CNF emitter is thoroughly examined. Figure 28 depicts

variation in ‘onset’ potential with the solvent flow rate.

As observed, the ‘onset’ potential decreases with in-

crease in flow rate and at a fixed flow rate the ‘onset’

potential is lower for a more conductive solvent. This

trend is consistent with previously reported experi-

mental observation (Cloupeau and Prunet-Foch 1989)

as well as previous modeling works (Sen et al. 2006).

Variation in electrospray current with respect to po-

tential difference is studied. Figure 29 shows that
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electrospray current increases approximately linearly

with increase in potential difference. Electrospray

current can be correlated with the potential difference

as follows,

I ¼ mIVV
nIV ð19Þ

The value of nIV is calculated to be 0.88. Increase in

the electrospray current with increase in the applied

potential difference has been previously reported by

Ganan-Calvo (1997). The value of nIV was calculated

to be 0.86 by Sen et al. (2006) both from the model and

experiments.

Influence of solvent flow rate on the electrospray

current and jet diameter is investigated. Figure 30 de-

picts that both electrospray current and jet diameter

increase with increase in solvent flow rate. Spray cur-

rent and jet diameter are correlated with flow rate and

correlation results are presented in Table 1. A higher

flow rate leads to lower onset potential and higher

spray current. But simultaneously it gives rise to a

higher jet diameter. An appropriate flow rate selection

should be based on the sample availability and oper-

ating conditions. Effects of electrical conductivity,

surface tension and viscosity of the solvent on elec-

trospray current and jet diameter are investigated. As

observed in Fig. 31, the spray current is higher and jet

diameter is lower for a more conductive solvent. As

shown in Fig. 32, the spray current increases and jet

diameter decreases with increase in the surface tension

of the solvent. Figure 33 presents decrease in spray

current and increase in jet diameter with increase in

the viscosity of the fluid. Similar trends have been re-

ported previously (Hartman et al. 1999). Spray current

and jet diameters are correlated with conductivity,

surface tension and viscosity and the correlation results

are presented in Table 1. As observed, the correlation
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results compare well with the available results in the

literature.

6 Fabrication strategy

The proposed novel CNF emitter will be fabricated as

part of a microfluidic device on a thermoplastic sub-

strate. An open microchannel formed on a substrate by

hot embossing will be bonded with a planar substrate

to form a closed micro-channel that serves as the sol-

vent capillary (Liu et al. 2006). This process produces

rectangular channels. These channels will be made

circular near the exit region (up to ~ 100 lm) using

laser micromachining. This is to eliminate significant

deviation in the Taylor cone shapes between a circular

and rectangular orifice (Wang et al. 1999) and ensure a

stable Taylor cone formation. The dimensions and the

structure of the capillary will be analyzed using a

scanning electron microscope (Fig. 35).

Arrays of circular dots (can be 100–1,000 nm diam-

eter) will be defined in a circular grid pattern at 3–5 lm
intervals around the capillary orifice. Nickel will be

deposited as a growth catalyst layer on these spots

using magnetron sputtering with an overlaid shadow

mask produced by chemically etching a microlitho-

graphically pattered silicon wafer. This is pictorially

shown in Fig. 35a. Vertically aligned carbon nanofibers

will be grown out of the catalyst dots in a DC glow

discharge chemical vapor deposition system using

acetylene as the carbon source. Growth of carbon na-

notubes on polymers substrates using PECVD has

Table 1 Results of correlation between spray current and jet diameter with conductivity, surface tension and viscosity

Correlations Correlation
value

Model Analytical (De la Mora
and Loscertales 1994)

Analytical
(Ganan-Calvo 1997)

Current (I)–flow rate(Q) I ¼ mIQrnIQ nIQ 0.564 0.5 0.5
Jet diameter (d)–flow rate(Q) d ¼ mdQd

ndQ ndQ 0.552 1/3 0.5
Current (I)–conductivity(r) I ¼ mIrrnIr nIr 0.553 0.5 0.5
Jet diameter (d)–conductivity(r) d ¼ mdrd

ndr ndr – 0.185 – 1/3 – 1/6
Current (I)–surface tension(c) I ¼ mIcrnIc nIc 0.582 0.5 0.5
Jet diameter (d)–surface tension(c) d ¼ mdcrndc ndc – 0.181 – – 1/6
Current (I)–viscosity(l) I ¼ mIlrnIl nIl – 0.376 – –
Jet diameter (I)–viscosity(l) d ¼ adl lnðlÞ þ bdl adl;bdl 0.682, 2.42 – –
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been demonstrated (Ryu et al. 2003). A schematic of

the possible final configuration of the CNF emitter is

shown pictorially in Fig. 35b.

7 Conclusions

A novel multiple electrospray emitter employing an

array of carbon nanofibers around the orifice of a

micro-scale thermoplastic capillary is proposed. The

proposed emitter is simulated to evaluate its electro-

spray performance. The simulation results indicate

that the emitter can generate steady state cone-jets

from individual nanofibers forming an array of elec-

trosprays. The emitter is observed to generate stable

electrosprays for a wide range of flow rate, applied

potential and liquid properties, thus making it suitable

for electrospray–MS analysis. The electrospray per-

formance of the novel emitter evaluated with respect

to its geometry, operating conditions and physical

properties of the liquid. The results indicate that as-

pect ratio of the CNFs is the most important design

factor that affects the electrospray performance of the

CNF emitter and an emitter with higher aspect ratio

CNFs results in a higher electrospray current and

requires lower ‘onset’ potential. The results also

indicate that a smaller gap between the nanofibers

requires a higher ‘onset’ potential. It was observed

that the total spray current increases with increase in

the total number of nanofibers. The spray current,

‘onset’ potential and jet diameter are correlated with

number of CNFs and their distribution in the array,

operational parameters and physical properties of the

liquid. The correlation results are compared with the

available results in literature. Higher spray current

and lower jet diameter indicate that the device can

perform equivalent to nanospray emitters while using

a micro-scale orifice. This allows higher sample

throughput and eliminates potential clogging problem

inherent in nano-capillaries. The work is ongoing and

efforts to fabricate the CNF emitter are underway.

Once the device is fabricated, electrospray–MS

experiments will be performed using the CNF emitter.

Then the modeling and experimental results will be

compared and the model can be improved, if re-

quired.

E-beam machining 

Edge view of microchannel 

Micro-capillary

Fig. 34 Major process steps involved in the fabrication of the
micro-capillary

Growth and patterning of 
catalyst layer 

Final device configuration

(a)

(b)

Fig. 35 a Nickel catalyst pattern on thermoplastic substrate.
b Schematic of the CNF emitter
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