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Hydrophobic nanoporous carbon scaff olds reveal the origin 
of polarity-dependent electrocapillary imbibition

A hydrophobic nanoporous carbon scaff old consisting of a 
3-D interconnected and ordered 85 nm nanopore network 
was invented by our research group and used to investigate 
the fundamentals of electrocapillary imbibition at the 
nanoscale. Unexpectedly, it was found that electrocapillary 
imbibition can occur even for this highly hydrophobic material 
and that the characteristics depend heavily on the polarity of 
the applied potential. Under hydrogen evolution conditions, 
droplets of electrolyte are seen to be exuded out of the 
nanoporous carbon scaff old, while at positive polarization, 
carbon oxidation is driving the observed imbibition.
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oporous carbon scaffolds reveal
the origin of polarity-dependent electrocapillary
imbibition†

Bin Pan, ab Manila Ozhukil Valappil, c Richard Rateick, Jr,d

Christopher R. Clarkson,e Xia Tong,c Chris Debuhr,e Amin Ghanizadehe

and Viola I. Birss *c

An engineered nanoporous carbon scaffold (NCS) consisting of a 3-D interconnected 85 nm nanopore

network was used here as a model material to investigate the nanoscale transport of liquids as a function

of the polarity and magnitude of an applied potential (‘electro-imbibition’), all in 1 M KCl solution. A

camera was used to track both meniscus formation and meniscus jump, front motion dynamics, and

droplet expulsion, while also quantifying the electrocapillary imbibition height (H) as a function of the

applied potential of the NCS material. Although no imbibition was seen over a wide range of potentials,

at positive potentials (+1.2 V vs. the potential of zero charge (pzc)), imbibition was correlated with carbon

surface electro-oxidation, as confirmed by both electrochemistry and post-imbibition surface analysis,

with gas evolution (O2, CO2) seen visually only after imbibition was well underway. At negative potentials,

vigorous hydrogen evolution reaction was observed at the NCS/KCl solution interface, well before

imbibition began at −0.5 Vpzc, proposed to be nucleated by an electrical double layer charging-driven

meniscus jump, followed by processes such as Marangoni flow, adsorption induced deformation, and

hydrogen pressure driven flow. This study improves the understanding of electrocapillary imbibition at

the nanoscale, being highly relevant in a wide range of multidisciplinary practical applications, including

in energy storage and conversion devices, energy-efficient desalination, and electrical-integrated

nanofluidics design.
Introduction

The need to control uid ow in nanoporous materials,1–4

microchannels,5 and biomimetic membranes6 is highly relevant
to applications such as energy-efficient desalination,7,8 geolog-
ical gas storage and sequestration,9,10 and drug delivery.11

Understanding uid ow dynamics is also essential to multiple
electrochemical applications of nanoporous materials,12–15

especially when internal water management is critical, such as
in cathode layers in proton exchange membrane (PEM) fuel
cells fuel cells, capacitors, and in Zn/air and other liquid-based
batteries.16,17 One method that has been discussed in the
literature1–3 and yet is not well understood is electrocapillary
, University of Science and Technology
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5

imbibition, which is recognized as an effective and rapid
method for controlling uid ow in nanopores. The theory
behind electrocapillary imbibition has usually been assumed to
be based on the classical Lippmann equation derived from
Gibbsian thermodynamics. For example, electrocapillary
control of conductive uid motion has been demonstrated in
a bundle of polyester microchannels, with the expected
quadratic relationship observed between interfacial tension and
potential.5 However, because of the possible occurrence of
Faradaic reactions, a dielectric material was inserted between
the electrode and electrolyte, with voltages greater than ±200 V
then applied to accomplish effective manipulation of uid
motion.5 In other work, the equilibrium height of LiCl, KBr, or
LiBr solutions in the 0.5 mm gap between two nonporous
pyrolytic graphite plates was investigated as a function of
voltage.18 However, this work did not focus on the electro-
capillary imbibition dynamics or on the relevant mechanisms at
play.18 Recently, active control of electrocapillary imbibition
into a nanoporous gold monolith was achieved under applied
negative potentials in a 1M KOH solution,1 although imbibition
could only be accelerated but not stopped, due to the intrinsic
hydrophilicity of gold.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Carbon nanomaterials are of particular interest for electro-
capillary imbibition studies due to their good electronic
conductivity, low cost, electrochemical and chemical stability,
and as they are available in many different forms, e.g., as porous
powders, monoliths, membranes, and nanotubes. While carbon
is considered to be intrinsically hydrophobic,19 it can exhibit
a range of wetting properties due to various surface functional
groups19 and liquid environments.20 One of the earlier attempts
to study electrocapillary imbibition work focused on a carbon
nanotube (CNT) sponge, achieving reversible switching (on and
off) of uid ow.2 Nonetheless, the CNT sponge shrank once it
was wetted, which complicated the underlying physics and
limited its practical application. In another study, the contact
angle of a deionized water droplet on a superhydrophobic
multiwalled CNT-based membrane decreased from 160° to 0°
when the applied potential in a two-electrode system was
increased from +1.8 V to +4.5 V.21 A sharp transition from
a superhydrophobic to hydrophilic state was seen, attributed to
carbon surface oxidation and resulting hydrophilicity. Never-
theless, at negative polarization, the contact angle hardly
changed and voltages up to −60 V had to be applied to cause
water droplets to imbibe.21 In other work, the contact angle of
water droplets on graphene/CNT composite surfaces under an
applied electric potential was investigated, although the contact
angle dynamics were not reported.22 Further, the underlying
mechanisms were hypothesized to involve water electrolysis
and Lippmann theory, but without rigorous validation.22 Over-
all, there is still little understanding of the drivers and even the
phenomenology of electro-imbibition inside carbon
nanomaterials.

Recently, we have developed a novel, self-supported, scal-
able, crystalline and nanoporous carbon scaffold (NCS) material
that is highly conducting, binderless (100% C), and has a fully
controllable wettability and thickness.23–25 Importantly, the NCS
materials have a three-dimensionally (3-D) interconnected and
organized monodisperse porous structure, with tunable pore
diameters from <10 nm to >100 nm, as desired. As the NCS
materials are self-supported membranes with scalable and
controllable dimensions (at least 20 cm × 1 meter in area),
capillary rise could be easily tracked by following the front of the
wetted area with a camera, which is ideal for fundamental
studies of uid ow in nanoporous media.

In our prior work, we used a camera to investigate sponta-
neous imbibition dynamics (no applied potential or current) of
nanoliter water droplets and bulk liquids into the NCS, yielding
corresponding theoretical models and resulting in an improved
fundamental understanding of uid dynamics in nanoporous
media.25,26 However, electrocapillary imbibition of aqueous
solutions inside the NCS membranes has not yet been studied.
The NCS sheets selected to carry out the present work had
a nominal 85 nm pore diameter (thus named NCS-85), a 16 nm
pore throat diameter, a thickness of∼100 mm, and were roughly
6–8 × 15–20 mm2 in size. Although the as-prepared NCS
materials are hydrophilic,27 due to a growing interest in elec-
trocapillary imbibition of hydrophobic nanoporous materials
and the desire to compare our results with earlier literature,2,3,21
© 2023 The Author(s). Published by the Royal Society of Chemistry
the NCS-85 sheets were converted to a hydrophobic form via
heat-treatment in an inert atmosphere.

The primary objective of this work was therefore to investi-
gate the fundamental electrocapillary imbibition dynamics
inside the nano-engineered NCS-85 material to quantify the
effect of either positive or negative applied potentials, all in 1 M
KCl solution. It was also of interest to determine if an abrupt
transition between non-wetted and wetted states would be
observed and then to explain these phenomena. Throughout
this work, we ensured that the potential of the NCS-85 was
controlled vs. a reference electrode during electrocapillary
imbibition as well as aer full immersion, of the dry NCS-85
material into the 1 M KCl solution. Another purpose of this was
to facilitate data interpretation and allow a deeper under-
standing to be obtained of the relationship between electro-
capillary imbibition and any Faradaic reactions that could
potentially occur at nanoporous carbons.

Here we show that electrocapillary imbibition into the
hydrophobic NCS-85 occurs under both positive and negative
polarization, but with very different characteristics and for
different reasons. As the potential is initially extended on either
side of the potential of zero charge (pzc), no imbibition occurs,
and the meniscus remains concave. However, when a compar-
atively large positive polarization is applied vs. the pzc, the
onset of imbibition correlates with the start of carbon surface
oxidation,21 with the NCS-85 then becoming more hydrophilic.
In comparison, a relatively small negative polarization vs. the
pzc is sufficient to initiate imbibition at a threshold potential,
but in this case, gas (hydrogen) evolution is already well
underway. Electrocapillary imbibition under negative polariza-
tion is thus attributed to attaining an electrical double layer
(EDL) charge that changes the meniscus at the NCS-85/solution
interface from concave to sufficiently convex. It is then driven by
the pressure of gas trapped inside some of the hydrophobic
nanopores, consistent with the rst-time observation of the
expulsion of liquid droplets from the wetted area.

Results and discussion

The pore and bulk characteristics of the 1500 °C heated
hydrophobic NCS-85 membrane employed in the present work
are illustrated in Fig. 1 and summarized in Table S1.† Trans-
mission electron microscope (TEM) images of an as-prepared
NCS-85 membrane (Fig. 1(a) and (b)) reveal the properties of
the ordered, porous network (consisting of fully 3-D inter-
connected pores27), while the scanning electron microscope
(SEM) images in Fig. 1(c) and (d) demonstrate the relatively
uniform pore and pore throat size distributions. The dominant
pore and pore throat diameters of the NCS-85 used in this work
were 85 and 16 nm, respectively. An optical image of the bulk
NCS-85 lm is shown in Fig. 1(e), indicating that it has a smooth
and uniform structure at the macroscale, with Fig. S2† showing
its thickness and uniformity from SEM cross-sectional analysis.
Fig. 1(f) conrms that the material is hydrophobic, based on the
observed contact angle of a droplet of 1 M KCl solution of >100°
aer a 2 h heat-treatment at 1500 °C in the nitrogen (N2)
environment.
Chem. Sci., 2023, 14, 1372–1385 | 1373
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Fig. 1 (a) and (b) TEM images of as-prepared NCS-85, showing well-
defined, 3-D interconnected 85 nm pore diameters. (c) and (d) SEM
images at various magnifications of pore geometry in 1500 °C heated
NCS-85 membrane, with (e) showing an optical image of the
membrane and (f) showing the contact angle of 1 M KCl on the NCS-
85 membrane surface.
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When the NCS-85 membrane was rst placed in contact with
the 1 M KCl solution surface without the application of poten-
tial (i.e., the open-circuit potential), a concave meniscus is seen
to form immediately (e.g., yellow line in Fig. 2(c) and (f) and
S3†), conrming its hydrophobic character. Note that a wait
time of 600 s (which was not shown in Fig. 2 and S4, and in
Videos S1–S11,†) with time zero considered to be the time at
which the potential was rst applied was implemented prior to
the application of each potential to ensure that there was no
spontaneous imbibition. When the potential of the NCS-85 was
altered anywhere within a potential window of ca. +0.7 VAg/AgCl

and −0.9 VAg/AgCl (all potentials are given vs. the Ag/AgCl refer-
ence electrode unless otherwise indicated) and held for various
times, no signicant changes were observed, with the meniscus
remaining concave and no imbibition seen to occur (Videos S5
and S6†). However, as the potential was extended above +0.7
VAg/AgCl or more negative than −0.9 VAg/AgCl, electrocapillary
imbibition began to occur, as shown in Fig. 3, Videos S1–S4 and
S7–S11.† Importantly, at these threshold potentials, imbibition
begins abruptly with a change in the meniscus from concave to
convex during roughly the rst ca. 1 to 4 s, followed by elec-
trocapillary imbibition.
1374 | Chem. Sci., 2023, 14, 1372–1385
Fig. 2 shows that electrocapillary imbibition height (H) is
signicantly larger when electro-imbibition occurred at positive
(vs. EAg/AgCl) vs. at negative (vs. EAg/AgCl) potentials. Another very
interesting observation is that the imbibition front (red line) is
generally more contoured and slightly ngered at negative vs.
positive potentials and that liquid droplets have been expelled
from the wetted area of the NCS-85 surface at sufficiently
negative potentials, e.g., −2 VAg/AgCl (Video S1†), −1.6 VAg/AgCl

(Fig. 2(d) and (e) and Video S2†), −1.2 VAg/AgCl (Video S3†) and
−1 VAg/AgCl (Video S4†). Droplet formation and coalescence is
seen to have increased as the potential was mademore negative,
while no liquid droplets were ever observed in the wetted area
when imbibition occurred at positive potentials (Fig. 2(g) and
(h) and Videos S7–S11†), even aer long periods of polarization.
Fig. 3(a) shows a plot of the imbibition height (H) in the NCS-85
as a function of time at the various potentials investigated here,
with the data, obtained from camera images such as in Fig. 2,
shown plotted vs. time in Fig. 3(a) t1/2 in Fig. 3(b). This plot
shows that imbibition aer the meniscus jump is linear with t1/
2, which is typical for imbibition processes, according to the

Lucas–Washburn equation (H ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
�
k
Re

��
g

m

�
cos qat

s
; where k

is the permeability, m is the liquid viscosity, qa is the advancing
liquid contact angle, g is the interfacial tension of liquid–gas,
and Re is the effective radius).26 It is also seen that the plots in
Fig. 3(b) for +0.8 VAg/AgCl and +1.0 VAg/AgCl have a lower slope
than the constant slope seen at potentials of $+1.2 VAg/AgCl and
that imbibition at positive potentials is signicantly faster than
at negative potentials, giving very high rates of ca. 80 nl s−1

mm−2 at short times under positive polarization, with this
calculation assuming that the NCS-85 is fully saturated. At
negative potentials, these rates are lower, i.e., 34 nl s−1 mm−2,
consistent with the smallerH values seen in Fig. 2 over the same
time periods. In comparison, a somewhat faster rate of over 80
nl s−1 mm−2 has been reported for a CNT sponge at −1 VAg/AgCl

in 1 M KOH.2

A plot of the H values measured from the camera images at
various times of imbibition vs. the applied potential is shown in
Fig. 3(c), where the potential of the NCS-85 is also given vs.
a second reference electrode, namely the reversible hydrogen
elelctrode (RHE), on the upper axis. Furthermore, the thermo-
dynamic equilibrium potentials of all Faradaic reactions that
could potentially occur within the potential range studied in
this pH = 5.5 1 M KCl medium are shown as dashed grey
vertical lines. The graded blue color reects the increasing
tendency for hydrogen evolution to occur as the potential is
extended negatively of ca. −0.55 VAg/AgCl, while the graded
yellow color indicates the increasing driving force for carbon
oxidation by its reaction with water as the potential exceeds ca.
−0.3 VAg/AgCl. The darker yellow color shows that oxygen
evolution can occur at increasing rates above +0.68 VAg/AgCl and
chlorine evolution at above +1.1 VAg/AgCl. Notably, the potentials
given for the Faradaic reactions in Fig. 3(c) are thermodynamic
values and do not account for positive (for oxidation reactions)
or negative (for reduction reactions) overpotentials that would
be induced by sluggish kinetics of the reactions. The pzc has
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05705k


Fig. 2 (a and b) Illustration of the experimental setup used for the electrocapillary imbibition experiments in 1 M KCl solution, showing the
difference in the wetting of the hydrophobic NCS-85 working electrode (WE) with applied (a) E < Ethreshold and (b) E > Ethreshold, where Ag/AgCl in
3 M NaCl served as the reference electrode (RE) and a Pt mesh as the counter electrode (CE). (c–e) Electro-dewetting phenomena at −1.6 VAg/

AgCl and (f–h) at +1.6 VAg/AgCl, where t is the time passed during the observed imbibition behavior. Electro-dewetting (droplet expulsion) is seen at
negative potentials in (d) and (e), and is also shown in Videos S1–S4.† The red lines in the images show the approximate imbibition front, while the
yellow lines show the approximate contour of the meniscus. (i) Droplet number and projected area given as a function of time at −2 VAg/AgCl.
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been reported to be in the range of −0.36 to −0.395 VAg/AgCl for
relatively hydrophobic single graphene nanoplatelets and
graphite, respectively.28–31 Considering that it is difficult to
determine the pzc of highly porous carbons, especially of their
internal surfaces, we surveyed the literature and chose a value of
−0.38 VAg/AgCl here, similar to what has been reported for other
carbons that are expected to be similar to our NCS material and
where the values were also obtained in neutral solutions.

As a whole, Fig. 3 conrms that electrocapillary imbibition
does not occur over the potential range of −0.9 # E # +0.7 VAg/

AgCl i.e., H remains at 0 mm, at least aer 600 s of holding at
these potentials, with the onset of electrocapillary imbibition
occurring roughly between −1 and +0.8 VAg/AgCl. As has been
stated in the literature,21 the observed abrupt transition from
a non-wetting to wetting state, reported also at positive poten-
tials for CNTmembranes, is not what is predicted by the Young–
Lippmann equation. Furthermore, the pzc (marked in Fig. 3(c))
is clearly not positioned symmetrically between the onset of
imbibition, suggestive of additional factors besides just EDL
charging and related contact angle changes being responsible
for the observed imbibition behavior. Also, the rates of imbi-
bition (Fig. 3(a) and (b)) are clearly very different at positive vs.
negative polarization, arguing for different imbibition mecha-
nisms as a function of polarity. The plot of H vs. EAg/AgCl in
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 3(c) reinforces these differences, with H exhibiting a value
that is independent of the potential once above 1.2 VAg/AgCl

showing that the imbibition rate is now entirely dependent on
time, with the linear H vs. t1/2 plots (Fig. 3(b)) now overlapping
fully. In comparison, in the range of−1 VAg/AgCl to−2 VAg/AgCl, as
a more negative voltage is applied, slower electrocapillary
imbibition is observed. Also, water droplet expulsion from the
wetted NCS-85 area at negative potentials (Fig. 2(d), (e) and (i)) is
never seen under positive polarization imbibition conditions.
We therefore set out to better understand these differences by
determining the driver of imbibition into our ordered, self-
supported, hydrophobic NCS-85 membrane materials at both
positive and negative potentials.

When considering the Lippmann theory, a perturbation of
the potential of a conducting material in a solution, in either
a positive or negative direction vs. Epzc (assumed to be −0.38
VAg/AgCl), will cause immediate EDL charging with a roughly
symmetrical dependence on the sign of the applied voltage and
thus the solid–liquid surface energy.32,33 However, this is not
observed here (Fig. 3) at the two polarities in 1M KCl, indicating
that other critical factors are at play. The primary drivers of the
onset of imbibition at positive vs. negative potentials, seemingly
related to different processes, are discussed below in turn.
Chem. Sci., 2023, 14, 1372–1385 | 1375
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Fig. 3 (a) Measured H values as a function of time and (b) the square root of time for imbibition observed at hydrophobic NCS-85 at various
applied potentials vs. Ag/AgCl in 1 M KCl. Dashed, black and bold lines have been added through the linear segments of the data collected at
positive potentials. Inset of (b): expanded view of behavior during initial meniscus jumpwithin the first few seconds. (c)H as a function of potential
(vs. Ag/AgCl (lower axis) and vs. RHE (upper axis)) at various times after the application of different potentials. A reasonable estimate of the pzc
(potential of zero charge, red vertical dashed line) of the NCS-85 and the thermodynamically possible Faradaic reactions that can occur in this
medium are also shown (vertical dashed grey lines). The blue color depicts the increasing rates of hydrogen evolution that can occur at negative
potentials, while the yellow color shows that carbon can oxidize at >−0.35 VAg/AgCl, oxygen can evolve at >+0.68 VAg/AgCl, and chlorine can
evolve at >+1.1 VAg/AgCl. Note that the lines joining the individual data points have been added as a guide to the eye.
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Fig. 3(c) and Video S6† clearly show that, as the potential of
the dry, hydrophobic NCS-85 membrane is initially made posi-
tive of the pzc, no changes in the imbibition behavior are seen
and the meniscus remains concave (Fig. S3†) until a potential in
the range of +0.75–0.8 VAg/AgCl is reached, when imbibition
begins abruptly and rapidly. Fig. 3(c) also shows that at above
−0.35 VAg/AgCl (0.21 VRHE), carbon is thermodynamically
vulnerable to oxidation by reaction with water, expected to form
CO2 but also typically producing a range of surface oxygen-
containing functionalities.34 Therefore, under positive polari-
zation, carbon oxidation and related CO2 formation could
precede the observed imbibition at positive potentials. More-
over, it is evident from Fig. 3(c) that O2 can be produced from
water at $+0.68 VAg/AgCl ($+1.23 VRHE).34 However, no gas
bubbles were seen visually in the meniscus area until imbibi-
tion was well underway, namely at $+1.2 VAg/AgCl, consistent
with carbon being a poor OER catalyst. Chlorine evolution from
chloride oxidation is not expected to be relevant here, as its
oxidation potential is quite high, at $+1.1 VAg/AgCl ($+1.65
VRHE), a potential at which imbibition is well underway (Fig. 3).
Note that several oxidation reactions can occur simultaneously
at carbon electrodes in 1 M KCl at > 0.2 VRHE, including carbon
1376 | Chem. Sci., 2023, 14, 1372–1385
oxidation, as well as oxygen and chlorine evolution. As the
kinetics of these reactions are unknown and hence the onset
potentials cannot be predicted, the thermodynamic potentials
are provided in order to indicate which reactions could poten-
tially start at which potentials.

To determine if these electrochemical reactions are related
to the sudden onset of imbibition at positive potentials, the
current/time transients measured during holding at each
potential$ +0.8 VAg/AgCl were examined in detail (Fig. 4(a)). This
gure shows that the currents all decay initially, reective of
EDL charging. However, the fact that steady-state currents are
seen at longer times, with no effect of solution convection on
their magnitude, makes it clear that Faradaic reactions occur
throughout the range of positive potentials at which imbibition
is seen. If only EDL charging were occurring, the current
densities would have plummeted to zero at constant H values,1

which is clearly not the case here. A closer examination of the
charges passed during the full transient at each potential
allowed a comparison to be made with the charges expected for
just EDL charging of the wetted area of the NCS-85, assuming
full access of solution into the pores and using the 200 m2 g−1

area27 of the NCS-85, as shown in Table S2.† This analysis
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Currents passed during electrocapillary imbibition experiments at positive polarization (a and b) and during cyclic voltammetry (5 mV s−1)
(c and d) of an initially dry, hydrophobic NCS-85membrane in 1 M KCl. (a) Current vs. time at various applied positive potentials for the data in the
Fig. 3(a). (b) Current density versus potential at 440 s in Cartesian scale for data in (a). Inset of (b): logarithm of current density vs. IR-corrected
potentials at 440 s. (c and d) Data for submerged NCS-85: (c) superimposed cathodic sweeps (5mV s−1) recorded after extension of the potential
in 100 mV increments from −0.55 to +0.85 VAg/AgCl in 1 M KCl with carbon paper used as the counter electrode. The NCS-85 potential on the X
axis is given vs. both Ag/AgCl (bottom) and RHE (top). The blue-circled reduction peak (C1), centered at 0.25–0.35 VAg/AgCl (dashed blue line), is
seen only when the potential is extended above +0.75 VAg/AgCl, which correlates with the potential at which imbibition began in Fig. 2 and 3. Inset
in (c): superimposed CVs (−0.55 to +0.75 and −0.55 to +0.85 VAg/AgCl), showing the appearance of a new anodic peak A1, correlating with peak
C1 in the negative scan. (d) Cathodic linear scan (solid orange line) at 10 mV s−1, showing that introduction of oxygen into solution results in no
oxygen reduction currents until a potential of < ca. −0.15 VAg/AgCl is applied, indicating that peak C1 in (c) is not due to oxygen reduction.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 6

/2
/2

02
5 

10
:4

9:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
involves several assumptions, including the value of the pzc
(−0.38 VAg/AgCl), as well as the value of the double layer capac-
itance (DLC) of the hydrophobic NCS-85 material in 1 M KCl,
using a reasonable value of 15 mF cm−2.35 In the classic papers of
Yeager36,37 and then Gerischer,38 the latter paper treating, a DLC
of 2–4 mF cm−2 was obtained, although it was acknowledged
that the DLC could be higher by 2–3 times, depending on the
pH, electrolyte type and concentration. More recently, the DLC
for activated carbon was found to be between 5 and 20 mF cm−2

when using the measured Brunauer, Emmett and Teller (BET)
surface area. Also, the DLC for activated carbon bers39 has
been reported to be 14.5 mF cm−2 for micropores, similar to that
of the basal plane of carbon (15–20 mF cm−2), but 7.5 mF cm−2

for the external surface. Carbons with higher DLCs include
activated porous carbons (10–25 mF cm−2 (ref. 40)), MXene-
derived carbons (24 mF cm−2 (ref. 41)), nitrogen-enriched
carbon materials (73 mF cm−2 (ref. 42)) and functionalized
graphene sheets (54 mF cm−2 (ref. 43). More importantly, in
recent work with the NCS,27 we showed that use of a DLC value
© 2023 The Author(s). Published by the Royal Society of Chemistry
of 15 mF cm−2 resulted in excellent agreement between the
electrochemically active surface area and the surface area ob-
tained using BET methods. Therefore, we have used this DLC
value of 15 mF cm−2 throughout the present work.

Based on these calculations, it is seen that the experimental
charges are all larger than the charge calculated for EDL
charging, which is further evidence that Faradaic reactions are
occurring when the potential is $+0.8 VAg/AgCl. This was
conrmed by plotting the measured current at the end of the
transient, corrected for the estimated wetted area vs. EAg/AgCl+,
as shown in Fig. 4(b). The plot is exponential, at least at
potentials of +1.2 VAg/AgCl or greater, indicative of Faradaic
reactions that are activation controlled and thus obey the
Butler–Volmer equation,44 as expected for oxygen evolution
reaction (OER), CO2 and Cl2 evolution, but not EDL charging.
Because the currents in these electro-imbibition experiments
are passing through the protruding imbibed NCS-85 membrane
to a height of H, an IR drop is expected due to ion transport
Chem. Sci., 2023, 14, 1372–1385 | 1377
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limitations within the NCS-85 pores that extend from the
meniscus to a height of H.

Aer estimating the resistance value, a plot of the logarithm
of current vs. the IR-corrected potential (Tafel plot) is shown in
the inset of Fig. 4(b), exhibiting a linear relationship with a Tafel
slope value of ∼240 mV per decade of current. This relationship
is a strong indicator of the occurrence of an electrochemical
reaction that is rate controlled by reaction kinetics, not by
diffusion or migration processes. Examples of the type of reac-
tion that should exhibit this relationship include gas evolution,
gas reduction, organic oxidation, metal dissolution, metal
deposition etc. Thus, Fig. 4(b) supports the occurrence of
a reaction such as oxygen evolution under our conditions. It is
also noteworthy that the most commonly measured Tafel slope
for Faradaic reactions such as oxygen evolution and hydrogen
evolution at room temperature is 120 mV per decade of current.
However, a doubled Tafel slope (2 × 120 mV) has frequently
been reported for reactions such as gas evolution and reduction
processes when they occur at porous electrodes with long and
narrow pores, properties that are fully consistent with the NCS-
85 internal structure.45–48 These results imply that Faradaic
electrochemistry would be more pronounced in the meniscus
region and less so near the imbibition front, especially when
higher currents are passed (large H and positive potentials).48

To help identify the oxidation process that occurs when
imbibition begins at ca. +0.8 VAg/AgCl, a completely dry, hydro-
phobic NCS-85 membrane was fully immersed in 1 M KCl
(Fig. S1†) and cyclic voltammograms were collected at gradually
increasing potential limits. Fig. 4(c) shows only the negative
scans, recorded for the immersed NCS-85 when the potential
was increased in 100 mV increments, all at 5 mV s−1. At <+0.8
VAg/AgCl (+1.35 VRHE), only EDL charging/discharging occurs,
while at potentials positive of this, a small but clear new
reduction peak is seen, centered at +0.3 to +0.35 VAg/AgCl. It is
important to note that the rst hints of this new peak are seen
only when the potential reaches ∼+0.8 VAg/AgCl, which is the
same potential at which the abrupt onset of imbibition was seen
in Fig. 3.

The inset in Fig. 4(c) shows that, once the potential has
exceeded +0.8 VAg/AgCl, a similarly sized matching anodic peak is
seen in the oxidation scan following the cathodic sweeps in the
main part of the gure. This pair of peaks, which grow in size as
the potential is made more positive, is characteristic of the
presence of oxidized surface functionalities on the NCS-85
surface that can be reduced and re-oxidized, as is typical for
carbon surfaces when groups such as quinol/quinone moieties
are present.49 Our hypothesis is therefore that the onset of NCS-
85 surface oxidation in the region of contact of the NCS with the
solution then causes a local increase in wettability, thus acting
as the switch that turns on electro-imbibition. In previous work
with superhydrophobic aligned multiwalled CNT membranes,
carbon oxidation was also invoked as the catalyst for imbibition
of a water droplet at positive polarization.21 Interestingly, a very
small rising oxidation current is seen near the positive end of
each scan, even before the onset of the OER can occur. These
currents can be attributed to the formation of very small
amounts of surface oxygen functionalities due to carbon
1378 | Chem. Sci., 2023, 14, 1372–1385
oxidation or to irreversible oxidation to form trace amounts of
CO2, which can occur at any potential positive of ∼+0.2 VRHE.
Even so, we have dened the onset of imbibition as when the
macroscopically observed jump in H occurs and also when we
see clear evidence for the presence of peak C1 in Fig. 4(c).

As stated above, the OER can begin at >+0.68 VAg/AgCl, but
a signicant overpotential is expected to be present unless
carbon is doped with heteroatoms.50,51 To rule out that the OER
is initiating imbibition under positive polarization, Fig. S5†
shows the CVs collected as the potential is made more positive,
demonstrating the onset of what is likely the OER at ca. +1.05
VAg/AgCl (+1.6 VRHE), a potential at which electro-imbibition is
already well underway (Fig. 3). Also, to rule out that the small
cathodic peak shown in Fig. 4(c) at +0.3 to +0.35 VAg/AgCl is due
to the reduction of electrochemically generated oxygen, oxygen
was bubbled into the solution during the CV scans, showing
(Fig. 4(d)) that the oxygen reduction reaction (ORR) can only
occur at the NCS-85 at potentials < +0.5 VRHE in 1 M KCl. Thus,
the reduction of oxygen is not responsible for the observed
(circled) redox peaks in Fig. 4(c).

To summarize, carbon surface oxidation, forming function-
alities such as –C–OH, –C]O, and –COOH, is clearly playing an
important role in the onset of electro-imbibition inside the
NCS-85 at positive potentials under our experimental condi-
tions. The surface groups that form initially in the menisucus
region then lower the local contact angle and induce imbibi-
tion, with these oxidized surface groups then forming
throughout the wetted area of the NCS-85 as the front moves
upward. It is also predicted from Fig. 4(c) and our knowledge of
carbon oxidation10 that holding at higher potentials should
increase the surface density of oxide groups, both in the wetted
region and at the imbibition front, thus lowering the contact
angle. This is indeed seen to be the case aer polarization at
+1.6 and +2 VAg/AgCl in Fig. S6,† with the observed contact angle
gradient consistent with the IR drop discussion above. For
example, aer 480 s polarization at +1.6 and +2 VAg/AgCl, the
contact angle in the meniscus area is ca. 80° and 60°, respec-
tively, as compared to its original value of >100° (Fig. 1(d) and
Table S1†). It is clear that it is the region of the imbibed NCS-85
membrane that is closest to the solution that shows the most
pronounced difference in contact angle with potential (and thus
in the density of oxygen surface functionalities), while the
differences are more muted further into the imbibed region
(middle, top). This is very likely due to a larger IR drop at larger
imbibition heights at +2 VAg/AgCl vs. at +1.6 VAg/AgCl, as evidenced
by the i/t plots in Fig. 4(a).

This is also consistent with the observed increase in the X-ray
photoelectron spectroscopy determined oxygen content of the
wetted NCS-85 membrane aer polarization at +2 VAg/AgCl. The
oxygen content before polarization was as low as 0.3 at% (Fig. S7
and S8†), which then increased to the highest degree of oxida-
tion observed (7 at%) in the wetted region aer 480 s at +2 VAg/

AgCl polarization (Fig. S8†), which is in good agreement with the
contact angle measurements in Fig. S6(b).† The oxygen that is
detected is conrmed to be due to the presence of various
electrochemically formed functional groups, such as O–C]O,
C–OH, C]O, COO– and C–O–C, at the NCS surface, as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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evidenced from the deconvoluted C 1s and O 1s XPS results
shown in Fig. S9.†

Overall, these results suggest that NCS-85 surface oxidation
in 1 M KCl solution, driven by the application of a critical
potential (∼+0.8 VAg/AgCl), is correlated with the sharp onset of
imbibition, with oxidation believed to occur throughout the
wetted area as H increases with time. This is consistent with the
fact that NCS-85 membranes exposed to electro-imbibition
conditions at positive potentials cannot be reused, as their
surfaces are permanently altered. Even so, it should be noted
that we cannot fully rule out a contribution from pressure
driven ow resulting from CO2 or O2 evolution to the rapid rise
of H under positive polarization once imbibition has been
initiated.

Electro-imbibition into hydrophobic porous carbon elec-
trodes at negative bias has been previously studied by several
groups, based primarily on monitoring mass gain. It was shown
that the Lucas–Washburn equation was obeyed, once an onset
potential for electro-imbibition of −0.52 VAg/AgCl was sur-
passed,2 also showing controlled on/off behavior.2–4,52 The
benecial effects of the presence of ordered pores within the
carbon matrix were also demonstrated in terms of the rate of
observed imbibition.3 However, these studies were all carried
out in 1 M KOH in recognition of the fact that a potential of
roughly −1 VAg/AgCl can be applied without risk of any interfer-
ence from Faradaic reactions, specically the hydrogen evolu-
tion reaction (HER).

The present work was carried out in neutral KCl solutions,
but this does come with a risk of a less negative thermodynamic
potential for the HER, as will be discussed below in terms of
some possible causes for the observed onset of imbibition into
the NCS-85 membrane at negative potentials as well as its
unique characteristics. Fig. 3(c) shows that imbibition into
hydrophobic NCS-85 begins at around −1 VAg/AgCl, which is ca.
−0.6 V negative of the pzc. At this potential, the rate of the HER,
which can begin at <−0.55 VAg/AgCl (<0 VRHE), is already very
high, as seen by active bubble generation in the concave
meniscus under these conditions (Videos S1–S5†). Notably,
oxygen reduction, which is expected to be negligible under
Fig. 5 Electrochemistry during electrocapillary imbibition experiments o
vs. time at various applied potentials. (d) Current density at 575 s in C
dependence at <−1.2 VAg/AgCl.

© 2023 The Author(s). Published by the Royal Society of Chemistry
these conditions, does not generate bubbles. Also different from
the observations at positive potentials, at potentials more
negative than the threshold for imbibition, expulsion of liquid
droplets from the hydrophobic NCS was observed, as shown in
Fig. 2 and more fully in Videos S1–S4.† As exudation occurs, the
imbibition front motion slows down.

While electrowetting theory would be a convenient expla-
nation for these results, the situation is very likely much more
complex here, given the nanoporous nature of the NCS-85 lm
and that wetting at negative potentials is not observed until well
negative of the onset of vigorous hydrogen evolution and the
meniscus jump. This is very different from the situation at
positive potentials, where the onset of Faradaic NCS-85 surface
oxidation correlates with the onset of imbibition and possibly
trace oxygen evolution. It is also clear that, once Faradaic
reactions begin, the assumption of thermodynamic equilibrium
in classical models of electrowetting of conductors is broken.33

Also important is the fact that carbon oxidation cannot occur at
these negative potentials and thus the explanations given above
for imbibition at positive potentials do not apply here. In fact,
the phenomenology is more complex and more applicable to
many cases in practice where liquids exhibit unwanted imbi-
bition into hydrophobic carbons.53–55 Indeed, the NCS-85 is
hydrophobic at the start of these experiments and remains so
even aer long times at negative potentials, allowing re-use of
the same piece of NCS aer the electro-imbibition experiments.

To further amplify the differences in the imbibition behavior
seen at positive vs. negative potentials, Fig. 5(a) shows that the
current initially exhibits a very short, sharp spike, likely as EDL
charging occurs in the meniscus region, then increasing with
time and stabilizing with time at negative polarization.
However, the observed steady-state currents are only very weakly
dependent on potential (Fig. 5(b)), especially when corrected for
the wetted (imbibed) surface area, with the current density only
doubling from −1 to −2 VAg/AgCl instead of changing by orders
of magnitude, as was the case at positive potentials (Fig. 4(b)).
This could indicate that the double layer is not developing
properly inside the NCS-85 at negative potentials or that the
HER that occurs within the wetted NCS-85 area is transport
f hydrophobic NCS-85 at negative potentials, all in 1 M KCl. (a) Current
artesian scale vs. applied potential, showing a weak but rather linear

Chem. Sci., 2023, 14, 1372–1385 | 1379
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controlled, perhaps due to slow removal of H2 gas trapped
behind solution in the pores. It is also possible that the pH
inside the imbibed region is becoming increasingly more
alkaline during the HER, thus moving the HER equilibrium
potential negatively with time. Whatever the reason, these
characteristics are very different than seen under positive
polarization, thus meriting very different explanations that are
tied more to physical phenomena.

We therefore propose that, at negative potentials, the imbi-
bition process operates in two stages, namely nucleation and
steady-state imbibition. The nucleation event is most likely an
EDL charging driven meniscus jump, while the steady-state
phase likely involves various physical processes, such as Mar-
angoni ow,56,57 adsorption induced deformation,58 and pres-
sure driven ow from the HER, as the HER is the dominant
electrochemical reaction at negative potentials. Fig. 5(a) further
supports this by showing an increasing current during the rst
ca. 100 s, aer which it remains largely constant over time.

It is known that he interface between hydrophobic materials
and an electrolyte can display physically unstable electro-
chemical behavior. Scholz59 further points out that local varia-
tion in contact angle can give rise to Marangoni streaming.56,57

Combined with the uid convection induced by the HER, this
creates a complex and dynamic NCS-85/solution interaction at
the initial concave meniscus between the NCS-85 and the elec-
trolyte. Recognizing the non-equilibrium implications, quali-
tatively, an additional driver is the decrease in the contact angle
with increasingly negative potential (charge) vs. the pzc, as
described by the Young–Lippmann equation.32

There is also the inuence of what is known as electrolyte-
induced deformation.60 When the hydrophobic NCS-85
membranes are fully immersed in water, extreme distortion of
the lm occurs (Fig. S10†), sometimes leading to macroscopic
cracking. Bangham and Fakhoury58 rst showed that adsorption
of water by charcoal gave rise to volumetric expansion, while
others61 have indicated that the strains created can be sufficient
to fracture the particles. Lakhanpal62 showed how adsorption of
various species can initially cause expansion of the graphite
structure and then contraction, as the vapor pressure of the
adsorbate increases. Others in the eld60 have conrmed this
observation,62 putting forward an explanation. Thus, given
these various phenomena, we anticipate some intrusion of uid
into the initially dry pores in contact with the uid reservoir
meniscus, as driven by gas pressure, Marangoni convection,
and turbulence.

The physical turbulence caused by the HER in the meniscus
regions and the disturbance from the macroscopic meniscus
jump might force a nger of electrolyte to enter a pore. Once
this nger enters a pore, its behavior has been modeled63 for
both hydrophilic and hydrophobic pore lling phenomena. In
the hydrophilic case (positive potentials), the model shows that
the uid wets the surface of the pore and then lls the volume
and, once full, the uid moves to the next connected pore.
However, for the hydrophobic case at negative potentials, there
is no driving force for the uid to wet the pore surface. Never-
theless, with sufficient pressure on the uid, developed by
sufficiently high rates of gas evolution, the uid will enter the
1380 | Chem. Sci., 2023, 14, 1372–1385
pore as a “nger”. When this nger contacts a pore wall, further
expansion occurs, in all cases trapping a gas volume between
the pore wall and the uid and creating voids.63 The presence of
trapped gases at negative potentials agrees with the observed
exudation of droplets (Fig. 2(d) and (e)), while the nger
formation is consistent with the more contoured imbibition
front seen at negative polarization, relative to the case at posi-
tive potentials (Fig. 2(g)–(k)).

Extending this concept63 to our work, we expect further
Faradaic reactions to occur inside the partially lled pore with
time at negative potentials, in our case being the HER. The
continuous formation of gas will then gradually increase the
pressure in this trapped gas volume and force the uid to move
into the adjacent connected pore (see cartoon in Fig. S11†). The
pressure necessary to advance the uid into the next dry pore
would be less than necessary to displace the uid downward
and back into the reservoir. Thus, advancement of the imbibi-
tion front is anticipated, consistent with our observations (Fig. 2
and S4†).

This explanation also applies to the observed expulsion of
uid from the NCS surface, as shown in Fig. 2 and Videos S1–
S4† and is consistent with the observation that the imbibition
front motion slows down once the droplets form. The pressure
driven process then either moves uid upwards within the NCS-
85, causing H to increase, or it drives uid out of the NCS-85 to
the surface, following the easiest pathway, e.g., through defects
or slightly larger pores and pore necks, leading to a nearby outer
surface and exudation as droplets. Notably, the NCS-85 remains
hydrophobic at all stages of electro-imbibition at negative
potentials, thus allowing start/stop imbibition to be observed
(Fig. S12†), similar to what was reported previously for hydro-
phobic CNTs.2

We also show that the electrocapillary imbibition of the
hydrophobic NCS-85 membranes in 1 M KCl can be controllably
switched from an “on” state to an “off” state by modifying the
applied potential, as shown in Fig. S12 and Video S12.† This is
demonstrated during multiple cyclic voltammetry scans
between +2 VAg/AgCl and −2 VAg/AgCl, showing behavior that is
qualitatively consistent with electrocapillary imbibition in
nanoporous media.1–3 It is seen that the liquid front moved
upwards at positive potentials but was never observed to ow
back into the reservoir, rather remaining constant due to the
very small gravitational force associated with the small amount
of imbibed liquid inside the NCS-85 and also as a result of
strong contact line pinning at the nanoscale.23,24 This is in
contrast to the reversible electrocapillary imbibition observed in
micro-channels.5

Conclusions

The present work demonstrates the use of a novel self-
supported and hydrophobic nanoporous carbon scaffold
(NCS) to establish the fundamental origin of the observed
polarity-dependent electrocapillary imbibition behavior, a topic
that is not well understood in the literature. We show here that
directional transport of liquids can be directed into and
throughout the monodisperse and 3D-interconnected pores, in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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this case having a nominal pore diameter 85 nm. The electro-
imbibition behavior was investigated by bringing the NCS-85
membrane just into contact with the surface of the solution
(1 M KCl) and then closely monitoring the imbibition process by
tracking the front to a height of H during the application of
either positive or negative potentials (up to −2 or +2 VAg/AgCl),
using a camera.

A key observation was that no imbibition took place over
quite a broad range of potentials (between −0.9 and +0.7 VAg/

AgCl) and that the electro-imbibition is asymmetric with respect
to the potential of zero charge (pzc) (ca. −0.38 VAg/AgCl). Imbi-
bition was found to commence abruptly at a positive potential
of $+0.8 VAg/AgCl (ca. +1.2 Vpzc), shown to correlate with the
onset of several Faradaic reactions, including carbon oxidation
to form oxygen-containing groups and CO2, as well as water
oxidation to form O2. The double layer within the imbibed
carbon structure was demonstrated to behave as expected with
applied voltage, based on the observed exponential dependence
of the current density on potential, thus ruling out any double
layer saturation effects. It was proposed that the oxygen func-
tionalities formed on the NCS-85 surface at the NCS/solution
interface make the NCS-85 surface more wettable, thus initi-
ating imbibition. Notably, aer imbibition at sufficiently posi-
tive potentials, the NCS-85 membrane becomes hydrophilic,
indicative of the development of an oxidized surface, as veried
by post-mortem X-ray photoelectron spectroscopy surface
analyses.

Under negative polarization, high rates of the hydrogen
evolution reaction (HER) are seen well before imbibition began
at −1 VAg/AgCl, with imbibition proposed to be nucleated by the
application of a critical double layer potential that serves to
drive a meniscus jump. Imbibition at negative potentials is
hypothesized to be governed by physical processes, such as
Marangoni ow, adsorption induced deformation, and pressure
driven ow from the HER, all of critical importance in uid ow
through a conned, monodisperse nanopore network. Unlike
what is seen at positive polarization, the imbibed solution is
displaced out from the NCS-85 nanopores at negative polari-
zation, forming liquid droplets on the NCS-85 surface and
slowing down the further increase in H. Notably, the NCS-85
membrane remained hydrophobic aer polarization at nega-
tive potentials and could even be resused.

Our studies on electrocapillary imbibition of these nano-
porous carbon sheets under positive and negative polarization
could have several important implications for electrochemical
systems. As one example, one of the challenges encountered in
alkaline Zn/air battery cathodes is the undesired full penetra-
tion of solution throughout its porous structure,53,64,65 which
consists of hydrophobic carbon particles held together by
a Teon binder. This results in an unwanted loss of the elec-
trochemically active interface (the triple phase boundary),
resulting in a signicant loss in performance with time. Simi-
larly, during the operation of proton-exchange membrane
(PEM) fuel cell cathodes, ooding is experienced in micropo-
rous carbon layers. The present work shows that ooding can
occur if the potential becomes sufficiently positive to promote
carbon surface oxidation, making the carbon become
© 2023 The Author(s). Published by the Royal Society of Chemistry
hydrophilic. Therefore, a recommendation would be to avoid
these higher potentials and/or chemically modify the carbon
surface with hydrophobic functional groups to minimize the
available carbon surface area available for electrochemical
oxidation.66 Analogously, ooding induced by electrocapillary
imbibition can also occur at negative potentials, which could be
a problem in CO2 electrolyzers, especially when commonly used
hydrophobic surfaces are employed and gaseous products are
generated, e.g., CO.67,68 As our studies show that trapped gases
in hydrophobic nanopores can cause imbibition, nanoscale
optimization of the pore morphology, aiming at accommo-
dating pressure build-up and minimizing tortuosity between
neighboring particles, should help to alleviate these types of
detrimental effects.
Methods
Materials

All of the electrocapillary imbibition experiments were per-
formed using a hydrophobic, self-supported nanoporous
carbon scaffold membrane (nominal 85 nm pore diameter,
NCS-85) with the procedure used for NCSmembrane fabrication
described in detail in our previous work.23–25 The as-fabricated
NCS-85 is hydrophilic, but was converted to a hydrophobic
form by heating at 1500 °C for 2 h in a nitrogen (N2) atmosphere
(ALPHAGAZ, 99.999%), resulting in the removal of the majority
of the surface oxygen functional groups.69

Toray carbon paper, used in the submerged NCS-85 elec-
trochemistry experiments, was obtained from the Fuel Cell
store, while the epoxy used to seal parts of the electrodes in
these experiments was obtained from JB Weld. KCl with 99.9%
purity was obtained from Sigma-Aldrich. Deionized water with
a conductivity of 1.63 mS cm−1 was used to prepare the 1 M KCl
solution in this work.
Methods

A SP-150 Bio-Logic potentiostat was used to control the applied
potential, all in a 1 M KCl solution. A three-electrode system was
used in all experiments, with no efforts made to control the gas
atmosphere and no solution agitation employed. The working
electrode (WE) consisted of the hydrophobic NCS-85
membrane, the counter electrode (CE) was a high surface area
Pt gauze, connected to a Pt wire that was embedded in a sealed
glass tube, and the reference electrode (RE) was an Ag/AgCl
electrode containing 3 M NaCl solution. The pH inside the
meniscus region as well as in droplets that were exuded from
the wetted area of the NCS-85 at negative potentials was
measured using pH paper (Micro Essential Lab), where the
average pH of the KCl solution was ca. 5.5. For better under-
standing, the potential of the NCS-85 is also given vs. the
reversible hydrogen electrode (RHE), where ERHE = EAg/AgCl +
0.209 + 0.0591pH, assuming a pH of 5.5.

A piece of NCS-85 (properties given in Table S1†) was rst
placed above an empty Petri dish. Next, 1 M KCl solution was
gradually added to the Petri dish until it just contacted the base
of the NCS material. Due to the hydrophobicity of the NCS-85
Chem. Sci., 2023, 14, 1372–1385 | 1381
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used here, a concave meniscus developed immediately and no
spontaneous imbibition occurred. Subsequently, a constant
positive or negative potential vs. Ag/AgCl was applied, holding
for times up to 10–15 minutes. Once a potential was reached at
which imbibition occurred, the color contrast between the
wetted and the dry NCS-85 areas could be clearly seen, allowing
for the monitoring of the real-time electrocapillary imbibition
front height (H) using a Canon EOS Rebel SL2 camera (25
frames per second and with a resolution of 15–25 mm per pixel).
H was then quantied using open-source soware (ImageJ). All
measurements were conducted at ambient conditions (i.e., 1
atm and 23 ± 2 °C). To guarantee replicability, a new NCS-85
sample was used for each measurement and each measure-
ment was repeated at least three times. To avoid evaporation
effects, the entire setup was placed in a sealed and transparent
glass container.26

A schematic of the experimental setup used for the
immersed NCS-85 electrochemistry experiments is shown in
Fig. S1.† Briey, Toray carbon paper was used as a strength-
ening support to prevent curling of the hydrophobic NCS-85
when submerged in 1 M KCl solution, with interference from
the electrochemical response of the Toray paper avoided by
coating it with epoxy. Electrical connection was made to the
NCS-85 membranes using silver paint, then covering the silver
with epoxy, followed by rinsing with ethanol and then with 1 M
KCl solution (5 times). The electrode was then submerged in the
KCl solution and used as the working electrode (geometric area
= 1 cm2), employing an Ag/AgCl reference electrode and a piece
5 × 1 cm2 of Toray paper as the counter electrode.
Physical characterization

The NCS-85 morphology was determined using a FEI Quanta
FEG 250 Environmental Field-Emission Scanning Electron
Microscope (E-FESEM) at the University of Calgary with the
accelerating voltage kept at 30 kV. Double-sided carbon tape
(VWR) was used to attach the NCS-85 membranes to the SEM
stub. Bright-eld transmission electron micrographs (TEM) of
NCS-85 were acquired using a JEOL JEM-ARM200cFS/TEM
located at the NanoFAB Facility at the University of Alberta,
equipped with a cold Field-Emission Gun (cFEG) and a probe Cs
corrector (operating acceleration voltage 200 kV). TEM samples
were prepared by dispersing a powdered form of the NCS in
ethanol and then mounting a drop of this liquid onto a carbon-
coated Cu TEM grid. The wettability of the 1500 °C heat-treated
NCS-85 membrane was determined both before and aer the
electrocapillary imbibition experiments using the sessile water
droplet method,70 including at various points within what had
been the wetted areas aer various times of imbibition.

X-Ray photoelectron spectroscopy (XPS) was used to
determine the degree of carbon oxidation before and aer the
imbibition experiments, with the analysis carried out at the
NanoFAB Centre at the University of Alberta using a Kratos
Axis Ultra spectrometer with monochromatized Al Ka (hn =

1486.71 eV). The spectrometer was calibrated to the binding
energy of Au 4f7/2 (84.0 eV) with reference to the Fermi level.
The analysis chamber pressure during the analyses was at or
1382 | Chem. Sci., 2023, 14, 1372–1385
better than 5 × 10−10 torr. A hemispherical electron-energy
analyzer working at a pass energy of 20 eV was used to
collect core-level spectra, while the survey spectrum within
a range of binding energies from 0 to 1100 eV was collected at
an analyzer pass energy of 160 eV. Charge effects were cor-
rected for by using the C 1s peak at 284.8 eV. A Shirley
background was applied to subtract the inelastic background
of core-level peaks. Non-linear optimization using the Mar-
quardt Algorithm (Casa XPS) was used to determine the peak
model parameters such as peak positions, widths and peak
intensities. The model peak to describe XPS core-level lines
for curve tting was a product of Gaussian and Lorentzian
functions. The oxygen content was calculated from the survey
spectra using the major elemental peaks and sensitivity
factors provided by the database. CASA XPS was used for
component analysis to t the C 1s spectra to peaks related to
different chemical bonds.
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