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SUMMARY

Graphene nanoporous membranes are the ultimate ultrathin nanopo-
rousmembranes and have enormous potential applications due to effi-
cient heat and mass transfer that is limited only by interfacial evapora-
tion kinetics. Developing such membranes requires fundamental
understanding of evaporation at the single-pore level, which has re-
mained largely unexplored. Herein, we report the experimental study
of kinetically limited evaporation from single/multiple circular gra-
phene nanopores with diameters from 24 to 347 nm. We show that,
despite a wide variation, the evaporation flux increases as nanopore
diameter decreases and that the maximum evaporation flux exceeds
theupperkinetic limit predictedby the classicalHertz-Knudsen relation
for nanoporeswith diameters below60 nm.We associate the enhance-
ment with edge-facilitated evaporation and minimum contaminant
accumulation at the liquid-vapor interface. We further find that such
enhanced ultrafast evaporation exhibits a temperature-insensitive
but diameter-dependent manner. Our work provides new insights
into nanoscale evaporation and will shed light on developing 2D nano-
materials-based membrane evaporators.

INTRODUCTION

Ultrathin nanoporous membrane evaporators with thickness below 1 mm have at-

tracted wide attention over the last decade due to their promising applications in

a variety of evaporation-involved applications, including thermal management,1–3

membrane distillation,4 steam generation and salt harvesting,5 liquid atomization,6

and water desalination.7 The nanoscale pores in such evaporators ensure large capil-

lary force for liquid refilling and small thermal resistance for efficient heat transfer

between the solid membrane and the liquid-vapor interface.8–10 Meanwhile, the ul-

trathin thickness of these evaporators reduces hydraulic resistance for liquid trans-

port toward the interface and possible contaminant accumulation.11 Benefiting

from these advantages, ultrathin nanoporous evaporators exhibit significantly

enhanced evaporation performance compared with other types of evaporators. It

has been shown that evaporation from such membranes can even reach the kinetic

limits predicted by the classical Hertz-Knudsen (H-K) equation, which is traditionally

considered the ultimate performance of membrane evaporators.12

Can we further improve the performance of ultrathin nanoporous membranes? One

way to do so is to minimize the thickness of the ultrathin nanoporous membranes to

completely diminish the contaminant accumulation and transport resistance associ-

ated with liquid refilling.11 This can be achieved by using 2D materials with atomic

thickness, and graphene will be the best candidate because of its excellent mechan-

ical property.13,14 Another way is to exploit other mechanisms that can boost
Cell Reports Physical Science 3, 100900, June 15, 2022 ª 2022 The Author(s).
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evaporation beyond classical evaporation from the liquid-vapor interface. Edge-

facilitated evaporation, which continuously enhances evaporation because of

special liquid-solid interactions at the pore edge, is such a mechanism.12,15,16 Coin-

cidentally, a recent simulation study showed that the edge of graphene nanopores

would lead to such enhanced evaporation.15 Since graphene nanoporous mem-

branes can simultaneously harness these two approaches to further enhance evap-

oration, it is possible to use them to develop the best and ultimate ultrathin

nanoporous membranes, achieving performance beyond the classical limit while be-

ing mechanically stable.

Despite the great promise, there are several challenges in developing and opti-

mizing graphene nanoporous membrane evaporators. On the one hand, mature

and facile methods are needed to produce scalable graphene porous graphene

membranes with high graphene quality, well-controlled pore size, and pore den-

sity.17 Current methods such as ozone treatment,18,19 oxygen plasma,20,21 and

focused ion beam drilling14,22 either do not have good control of pore size and den-

sity or only can be used at a small scale for proof of concept. On the other hand,

fundamental knowledge of evaporation at the single graphene pore level is still

missing. In fact, there have been no systematic experimental studies of evaporation

from graphene nanopores, and the effects of nanopore diameter, pore density, and

operating conditions on evaporation flux remain largely elusive.

In this work, we focus on tackling the second challenge in developing/optimizing

graphene nanoporous membrane evaporators and experimentally measuring the

kinetically limited evaporation from graphene nanopores. We studied the depen-

dence of evaporation flux on pore diameter, pore density, and operating tempera-

ture and quantified the contributions from graphene pore edge and the rest of the

meniscus on ultrafast evaporation of graphene nanopores.

RESULTS AND DISCUSSION

Hybrid nanochannel-nanopore conduits for evaporation measurements

We invented a hybrid nanochannel-nanopore conduit design to accurately measure

the evaporation rate from single graphene nanopores. In this device design, gra-

phene nanopores were connected to a transparent silica nanochannel with a channel

height larger than the nanopore radius (as the schematic shown in Figure 1A; the de-

vice dimensions can be found in Note S1). When evaporation starts in a water-filled

nanochannel-nanopore conduit, two menisci will be formed at the graphene nano-

pore and inside the silica nanochannel, respectively. Because the confinement dif-

ference results in a capillary pressure difference, the meniscus at the graphene nano-

pore will be pinned, and the meniscus in the silica nanochannel will continuously

recede. Consequently, the evaporation rate from the meniscus at the graphene

nanopore can be measured by tracing the meniscus receding of the nanochannel af-

ter quantifying contributions due to drying along the nanochannel (see Note S2).23

We have used a similar device design to study ultrafast diameter-dependent evap-

oration from silicon nitride nanopores with great success.12

The hybrid silica nanochannel-graphene nanopore devices were fabricated by wet

transferring graphene over an opened micropore reservoir at the end of a silica

nanochannel made of a sacrificial-layer-etching method (detailed fabrication pro-

cedure and geometric characterization can be found in Note S1). The resulting sus-

pended graphene membrane has a typical size of 2–5 mm in diameter (Figure 1B).

A He or Ga focused ion beam was used to drill nanopores on the suspended mem-

brane, generating graphene nanoporous membranes with pore numbers ranging
2 Cell Reports Physical Science 3, 100900, June 15, 2022
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Figure 1. Hybrid nanochannel-nanopore conduits for graphene nanopore evaporation measurments

(A) Schematic of hybrid silicananochannel-graphene nanopore conduit.

(B) Scanning image from AFM of a nanopore-free graphene membrane. The suspended graphene over the micropore area shows notably lower

roughness than graphene conformally transferred over the rough silicon oxide surface.

(C–E) SEM images of drilled nanopores on suspended graphene membranes, with varied pore diameter and quantity, forming single nanopores (C),

small array of nanopores (E), and large array of nanopores (E).

(F) SEM image captured from the reservoir showing the slit nanochannel (h = 143 nm) embedded in the quartz substrate. The smooth surface in the

bottom left corner is the extending floor of the nanochannel.

(G and H) Schematic of the evaporation experiment set-up and the captured optical image. The fabricated device is enclosed in a vacuum chamber over

an inverted microscope, which captures the movement of the meniscus, as shown in (H).
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from one to a few hundred, and pore diameters ranging from 20 to 340 nm

(Figures 1C–1E). The 2D silica nanochannel, with a typical width and height of

5 mm and 100–300 nm, respectively, was embedded 2.5 mm underneath the gra-

phene membrane plane (Figure 1F).

The fabricated devices were carefully examined via scanning electron microscope

(SEM) and optical microscope, after which an ethanol-filling process was conducted

before water introduction and water evaporation experiments. Due to the low sur-

face tension, ethanol was able to fully fill the hybrid nanochannel-nanopore device.

We found that this process was critical, as direct water introduction would always

leave bubbles in the micropore reservoir underneath the suspended graphene

membrane, which caused the failure of the following evaporation experiment

because the bubble would expand during water drying in the nanochannel. After

ethanol filling, the device was placed in a deionized water bath to replace the

ethanol inside the hybrid nanochannel-nanopore device with water. We then used

clean wipes to remove the water on top of the graphene membrane and placed

the device in a vacuum chamber (Pvac = 250 Pa) over an inverted microscope

(Olympus IX81) to perform the evaporation experiments (Figure 1G). Under this vac-

uum condition, the evaporation from graphene nanopore(s) is not limited by vapor

diffusion away from the evaporation interface(s), and the hybrid conduit design also

ensures sufficient water supply toward the interface(s) (see Note S3). As a result,

kinetically limited evaporation is achieved. To extract the evaporation rate/flux,

we used a high-speed camera (Hamamatsu ORCA-Flash4.0) to record the meniscus

receding in the silica nanochannel (see Figure 1H and Note S2).
Cell Reports Physical Science 3, 100900, June 15, 2022 3
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Membrane integrity

The integrity and cleanliness of the graphene nanoporous membrane are extremely

critical for accurate evaporation measurements. Although pristine graphene has

been shown to be impermeable to all regular gas, liquid, and dissolved ions, dam-

age on the graphene membrane may leak molecules, causing overestimation of the

evaporation rates and fluxes from graphene nanopores.17,18,24,25 On the other hand,

contaminants from the ambient environment and ethanol/water solutions may block

the nanopore, which reduces or diminishes the actual evaporation area and leads to

underestimation of the evaporation flux. In this work, we performedmultiple proced-

ures to ensure membrane integrity and cleanliness, including inspecting the gra-

phene membrane with SEM, examining the ethanol-filling process in the connected

silica nanochannel, and checking the meniscus-receding process during the evapo-

ration experiment.

The first method we used to check the integrity and cleanliness was from the SEM

inspection. Before performing the evaporation experiment, we used SEM to care-

fully examine the nanoporous graphene membrane of each hybrid conduit and dis-

carded those with visible defects, contaminant-blocked nanopore(s), folded gra-

phene, and/or multilayer graphene. After the experiment, we inspected the

graphene membrane again to confirm the membrane quality. The device is consid-

ered good only when both pre- and post-experiment SEM scans show clear nano-

pore(s) present on a defects-free graphene membrane, which, in principle, should

ensure the openness of nanopores during the experiments (see examples in Note

S4).

The secondmethod we used to check the quality of the nanoporous graphenemem-

brane was ethanol filling in the silica nanochannel. For silica nanochannels whose mi-

cropores are covered with suspended graphene membranes without drilled holes

and visible defects (which means defects are smaller than 5 nm), we found that

ethanol filling was quick at the beginning and then became very slow (see Figure 2A).

This is expected, as the trapped gas in the nanochannels cannot escape and will only

gradually dissolve in ethanol. The movement of the meniscus in such nanochannels

exactly follows the model reported by Phan et al., which accounts for both the capil-

lary filling and air pocket shrinking26 and also perfectly matches ethanol filling in

close-end silica nanochannels (see Note S5). This confirms that pristine graphene

is an impermeable membrane for air water vapor, and the contact between gra-

phene and silica substrate does not contribute to leakage. In contrast, for hybrid sil-

ica nanochannels integrated with nanoporous graphene membranes (effective pore

diameters above 20 nm), the ethanol filling was exactly the same as that in an open-

end silica nanochannel (without any graphene membrane over the micropore) with

the same geometry—the advancing meniscus quickly squeezed the air out of the

nanochannel through the opening and filled the entirety of empty space. In this

case, the meniscus prorogation followed the classic Washburn equation.27 It is worth

noting that we also observed that the ethanol filling in certain hybrid conduits was

slower than that in the open-end nanochannels but faster than that in the closed-

end silica nanochannels or pristine-graphene sealed nanochannels. In these cases,

we believe the graphene nanopores were mostly blocked and only small openings

(less than 20 nm) were left to form leakage (more discussions can be found in

Note S5). As we could not measure the actual opening on these types of graphene

membranes, we did not use them for the evaporation experiments.

The third measure, which also offered the best in situ evaluation of the quality of the

graphene nanoporous membrane, was examining the meniscus receding in the
4 Cell Reports Physical Science 3, 100900, June 15, 2022
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Figure 2. Meniscus movement tracking during filling and drying experiments

(A) Tracking of meniscus advancing during the filling test. The orange circles represent the

observed meniscus positions in an open-end nanochannels (covered with nanopore graphene),

and the blue triangles represent the observed meniscus positions in the closed-end nanochannel

(covered with pristine graphene). The orange solid line plots the predicted tracking based on the

Washburn equation; the blue solid line plots the predicted tracking based on the closed-end filling

model.

(B) Tracking of meniscus receding during drying and nanopore evaporation test. The blue solid line

represents the prediction of drying only in a closed-end nanochannel; the orange solid line

represents the meniscus receding as a result of drying in the nanochannel and evaporation from the

nanopore. The different area (denoted by the orange shade) between drying only (the blue line)

and drying with nanopore evaporation curve (the orange line) represents the evaporation

contribution from the nanopore.
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connected silica nanochannel during the drying/evaporation experiment. We

noticed that, for silica nanochannels connected with the pristine graphene mem-

branes, meniscus receding slowed down with time and showed a perfect square

root time dependence. This can be understood as the filled water being dried out

only by unidirectionally leaving the channel through the reservoir, which resulted

in a linearly increasing drying resistance as the meniscus receded. Fitting the

meniscus receding curve with a parabolic function x =
ffiffiffiffiffiffiffiffiffiffi
udry t

p
(which is the solution

of the differential equation dx
dt =

udry
2x ), we were able to find the drying constant udry of

the silica nanochannel, which is majorly determined by the nanochannel geome-

try.23,28 For comparison, we also recorded the meniscus receding in close-end silica

nanochannels (micropore sealed with silica), which share the same geometry as the

pristine graphene covered conduits. In both conduits, the menisci recede in the

same behavior with identical udry , which further confirms the leak-free of prestine

graphene membranes (more details in Note S2).

In contrast, for the hybrid silica-nanochannel graphene nanopore conduit, we found

that the meniscus in the silica nanochannels receded faster than in the previous case
Cell Reports Physical Science 3, 100900, June 15, 2022 5
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Figure 3. Kinetically limited evaporation flux from graphene nanopores

(A) Evaporation flux from graphene nanopores (normalized by nanopore area) versus nanopore diameter. The black dashed line represents the Hertz-

Knudsen (H-K) limit (se = 1). The inset shows the same plot in log scale.

(B) Graphene nanopore evaporation flux data in the plot (A) is averaged by each 20-nm nanopore diameter group. The yellow triangles represent

kinetically limited evaporation flux measured from 280-nm-thick Si3N4 nanopores in previous work. The blue and yellow dashed lines represent fitting

between evaporation flux and reciprocal of diameter. The error bars of graphene nanopore are defined as the SD of measured evaporation flux and

nanopore diameter in each group.

(C) The purple squares mark the highest graphene nanopore evaporation flux of each diameter range as grouped in plot (B). The purple dashed line

represents the fitting.
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(Figure 2B) and that the meniscus position xðtÞ can be well described by a different

differential equation

dx

dt
=

udry

2x
+Vr (Equation 1)

where Vr is the additional receding speed due to the evaporation, and Vr = JeNpd2

4whrl
. Je

(mm/s) is the evaporation flux from the graphene nanopores, d is the nanopore diam-

eter,N is the number of nanopores on the membrane, rl is the density of liquid water,

and w and h are the nanochannel width and height, respectively. This is because both

the drying in the nanochannel and the evaporation from the graphene nanopore

contribute to the meniscus receding. By fitting the meniscus-receding curve with the

analytical solution of Equation 1, which is t = x
Vr

� udry
2V2

r
ln
h
2Vr x
udry

+ 1
i
, a constant evapo-

ration flux Je can be extracted (the derivation and the corresponding error analysis can

be found in Note S2).

We found that if the nanopore is partially blocked during the evaporation, the

meniscus receding curve can no longer be perfectly fitted by Equation 1, because

the blockage would result in a change of evaporation area and, thus, a change of

evaporation rate. We also found that if the graphene membrane is damaged during

the vacuum evaporation process, the meniscus on the graphene membrane side

would recede together with the meniscus on the silica nanochannel side.

Together with SEM examination, analysis of ethanol filling, and meniscus-receding

recording during evaporation, we are able to tell if the graphene membrane is

damaged or there are air bubbles remaining in the hybrid conduits during the evap-

oration experiment. Moreover, we can quickly identify those devices where nano-

pores are largely blocked before and during the evaporation experiments.

Diameter-dependent ultrafast evaporation flux

In Figure 3A, we plotted the measured evaporation flux normalized by graphene

nanopore area as a function of the nanopore diameter when the experiment was
6 Cell Reports Physical Science 3, 100900, June 15, 2022
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performed under room temperature (22�C). For comparison, we also plotted the

evaporation flux predicted by the classic H-K relation, which can be written as

Je =

ffiffiffiffiffiffiffiffiffiffiffi
Mw

2pRg

s 2
64se

Peqffiffiffiffiffiffi
TL

i

q � sc
PVffiffiffiffiffiffi
TV

i

q
3
75 (Equation 2)

whereMw is the molar weight of water, Rg is the universal gas constant, se and sc are

evaporation coefficient and condensation coefficient, respectively, TL
i and TV

i are

liquid and vapor temperature at the interface, Peq is water vapor pressure in equilib-

rium with water meniscus PeqzPsatðTL
i Þ for the investigated dimeter range, and PV is

the vapor phase pressure (PV = Pvac ). Since in the vacuum conditions PV is negli-

gible compared with Peq, the above relation can be simplified as Je =

se

ffiffiffiffiffiffiffiffiffiffiffiffi
Mw

2pRgT
L
i

q
PsatðTL

i Þ. Je reaches the upper H-K limit (i.e., the sonic limit) JHK when

se = 1.29,30

The first observation from Figure 3A is that, despite our extensive examination of the

quality/cleanness of the graphene nanopore membranes, the evaporation fluxes

from different graphene nanopores of the same size showed wide variation, and

the smaller the nanopore the more significant the variation. We hypothesized that

part of the variation could come from the measurement uncertainty, since inaccurate

measurement of the pore diameter, the meniscus-receding speed, and nanochannel

geometry can together cause up to 20% uncertainty for each data point (see error

analysis in Note S2). We also hypothesized that partial nanopore blockage might

attribute to the wide variation. Even though we used three methods to check the

integrity and cleanness of the nanoporous graphene membranes, we still cannot

tell whether the pores were just partially blocked during ethanol filling and water

evaporation but became ‘‘clean’’ during post-evaporation SEM characterization. In

fact, we found that in some cases (less than 10% of the results; see in Figure 3A),

the evaporation fluxes were abnormally low or even almost zero compared with

fluxes measured from similar-sized nanopores or other measurement results from

the same nanopore but at different times.

Nevertheless, overall, the evaporation flux shows an increasing trend as the diameter

decreases. Furthermore, as the diameter decreases to below 60 nm, a portion of the

measured evaporation fluxes exceeds the sonic limit. Although ultrafast evaporation

beyond the sonic limit has been reported before in silica nanoslits and silicon nitride

nanopores, it was discovered that thin-film evaporation outside of the nanochannel/

nanopore is the actual cause of those observation.10,12 As we confirmed that there is

no thin-film evaporation outside of the graphene nanopore (see Note S4), these ul-

trahigh evaporation fluxes from graphene nanopores thus become the first experi-

mental evidence that evaporation from nanopores can exceed the classical limit.

To better understand the diameter dependence and the ultrafast evaporation flux,

we grouped data from similar-sized (20 nm for each group) graphene nanopores

and replotted the data in Figure 3B, where the value and error bar of each data point

represent the averaged value and SD in each sized group, respectively. We also

compared the evaporation flux from graphene nanopores with the kinetically limited

evaporation flux from silicon nitride nanopores (pore thickness 280 nm; the surface is

hydrophobic to remove thin-film evaporation out of the nanopore) from our previous

work, which was measured under the same experimental conditions using similar

methods.12 It is clear that most of the graphene nanopores exhibited faster
Cell Reports Physical Science 3, 100900, June 15, 2022 7
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evaporation fluxes than the silicon nitride nanopores of the same diameter. This is

very interesting, as evaporation from these two types of nanopores should be

limited only by the evaporation kinetics and not the liquid/vapor transport.

The higher evaporation flux of the graphene nanopores compared with the silicon

nitride nanopores and its diameter dependence can possibly be explained by two

edge effects. The first one stems from the unique interaction between graphene

edge and water molecules. Graphene is known to be atomically smooth and hy-

drophobic.31 In the molecular view, lacking hydrogen bonds, the graphene surface

repels water molecules, which has been reported extensively for liquid water and

ion transport on/across graphene.32,33 Therefore, water molecules at the graphene

edge can become more ‘‘activated’’ and are likely to escape the hydrogen bonds

network with other water molecules and thus evaporate more easily. This effect has

been confirmed by a recent MD simulation study done by Feng and Xu, who

showed that water at the edge region of graphene nanopore has higher potential

energy than in bulk phase, and water tends to travel to the edge region for evap-

oration.15 As a result, the higher evaporation flux at the edge of the graphene

nanopore elevates the overall evaporation rate and even exceeds the H-K limit.

Since smaller nanopores have higher perimeter-to-area ratios, such edge-facili-

tated evaporation will become more prominent in smaller nanopores, which leads

to a diameter dependence.

The second edge effect results from the surface charge of the graphene nanopore. It

is well known that graphene nanopore is negatively charged in deionized water due

to its broken carbon-carbon bonds at the edge and being terminated by oxygen-

functionalized groups.34–38 The negative surface charges can repel co-ions (i.e.

hydroxide ions) and attract the positively charged hydronium ions inside the nano-

pores, forming electrical double layers.39 Within the electrical double layers, an in-

crease of local concentration of hydronium ions is expected, and the presence of ex-

tra hydronium ions can also affect local hydrogen bonds and water structure,

increasing the overall water evaporation coefficient and evaporation flux.40 For

nanopores with diameter comparable to the thickness of the electrical double layers,

since the hydronium ion concentration is inversely proportional to the nanopore

diameter, smaller pores would also be affected more.12,41,42

It is worth noting that both effects are very sensitive to the edge composition and

structure,15 which has also been found to significantly affect water and ion transport

across the graphene nanopores.20,38 As graphene is only one atom thick and the

edge of graphene nanopores includes only a few hundred atoms, slight changes

in functional groups, defects, and structures between different nanopores would

lead to different edge effects and, thus, different evaporation behavior. This can

thus also explain why there is a large variation of evaporation flux for similar-sized

graphene nanopores, especially those with smaller diameters.

To further understand how the edge affects affect kinetically limited evaporation,

we fitted experimental results of the graphene and silicon nitride nanopores

with the following function, Je = ðApd2 +pdBÞ
pd2 = A+ B

d, which represents the linear rela-

tionship between the evaporation flux and the reciprocal of the nanopore

diameter (see the blue and yellow dashed lines in Figure 3B). In this formula, A rep-

resents the evaporation flux from the central region of the meniscus, and B= d is

the contribution from the edge, which may be related to the edge-facilitated

evaporation or the surface charge effect. Our results show AG = 0:78 mm=s and
8 Cell Reports Physical Science 3, 100900, June 15, 2022
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BG = 38:88 nm$mm=s (R2 = 0:64) for graphene nanopores and AS = 0:21 mm=s

and BS = 40:74 nm$mm=s (R2 = 0:90) for silicon nitride nanopores.

There are several interesting facts from these fitting results. First, the edge effects

clearly play an important role in the kinetically limited evaporation flux for both gra-

phene and silicon nitride nanopores. In both types of ultrathin nanopores, the edge

contribution actually becomes dominant when the nanopore’s diameter is below

100 nm.

Second, graphene nanopores and silicon nitride nanopores share close value of edge

contribution (B). This is possibly because the experimental data may include a variety

of graphene pore conditions (e.g., different edges and/or blockage conditions). To

further explore the upper limit of the edge effects, we marked the highest measured

evaporationflux foreachgroupof thegraphenenanoporeevaporationdata inFigure3C,

and acquired a fitting of Je = A0
G +

B0
G
d = 1:19mm

s + 98:95
d

nm$mm
s (R2 = 0:89). These data

and the fitting curve to some extent represent graphene nanopores with themost favor-

able edge conditions and/or the least blockage states for evaporation. B0
G of these gra-

phene nanopores is significantly higher than BS , possibly because such graphene nano-

pores could benefit from both effects, whereas silicon nitride nanopores would not

benefit from the first one due to their hydrophilic nature. It is also worth noting that

the evaporation flux of such ideal graphene nanopores becomes higher than the H-K

limit when the nanopore diameter is below 70 nm. Although due to technical issues

we currently cannot identify what the ideal edge structures are and are also not able to

dissect the separate contributions from these two edge effects, these data and fitting

further confirm that graphene nanopores hold great promise to build the ultimate ultra-

thin nanoporous evaporators with performance beyond the sonic limit.

Last but not the least, the bulk contribution in the graphene nanopores AG =

0:78 mm=s and A0
G = 1:19 mm=s are also significantly larger than that in silicon

nitride nanopores AS = 0:21 mm=s. This difference cannot be explained by any

edge effects. Also, it cannot be explained by the liquid/vapor transport limit, as

these two limits are significantly larger than the kinetic limit and evaporation should

thus be kinetically limited only.

We hypothesize that this difference of bulk evaporation contribution may result from

minimized contaminant accumulation in graphene nanopores. It is well known that con-

taminants in water can significantly affect the water evaporation coefficient and there-

fore the water evaporation flux.30,40,43 At steady-state, since the contaminant accumu-

lation at the nanopore liquid-vapor interface caused by convective flux [ucðxÞ] should
counterbalance the diffusion flux toward the bulk liquid

h
� Dc

dcðxÞ
dx

i
, the local concen-

tration of the contaminants at the interface ci can therefore be written as11

ci = cb exp

�
ul

Dc

�
(Equation 3)

where cb is the concentration of such contaminants in the bulk liquid, l is the thickness of

the nanopore, u is the liquid flow velocity induced by nanopore evaporation, and Dc is

the diffusion coefficient of the contaminants in water. For ultrathin nanopores, the expo-

nential term is small, and a linear correlation between ci and the nanopore thickness

ci = cb
�
1 + ul

Dc

�
is thus expected. Because graphene is only one atom thick, but silicon

nitride is a few hundred nanometers in thickness, the contaminant accumulation in these

two types of ultrathin nanopores will be significantly different. It is expected that there is

essentially no (or minimum) contaminant accumulation in the graphene nanopores but
Cell Reports Physical Science 3, 100900, June 15, 2022 9
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finite and non-negligible accumulation in silicon nitride nanopores, which possibly leads

to the observed bulk concentration difference.

Anotherpossible explanation is thedifferencebetween local heat transfer and the result-

ing local temperature change across the liquid-vapor interface. Although we usually

consider evaporation from single or a small array of nanopores as an isothermal process,

heat is still required to transfer from the solid substrate to the liquid-vapor interface dur-

ing evaporation.Ghasemi andWard44 havedemonstrated that such a heat transfer has a

directional preference and that the interactions betweenwater and the substrate play an

important role.Meanwhile, Persad andWard have also shown that, according to the sta-

tistical rate theory, the kinetically limited evaporation is extremely sensitive to the local

temperature change across the liquid-vapor interface.30 Because of the structure and

property difference between graphene nanopores and silicon nitride nanopores, it is

possible that graphene nanopores and silicon nitride nanopores have different heat

transfer mechanisms to the liquid-vapor interface.

These are a few possible hypotheses, and there could be others as well. At this point,

we still do not understand what causes the different ‘‘bulk’’ contributions in gra-

phene and silicon nitride nanopores. Nevertheless, the advantage of graphene

nanopores compared with ultrathin silicon nitride nanopores is very clear.

Evaporation performance under different conditions

To provide a more realistic guideline for future applications using large nanoporous

graphene membranes, it is crucial to evaluate whether the observed ultrahigh evap-

oration performance and the diameter dependence are valid for graphene nano-

pores under different conditions.

We first check whether the pore numbers and porosity would affect the observed

evaporation performance. Although the kinetically limited evaporation from gra-

phene nanopores can approach or exceed the H-K limit, the evaporation rate is

only on the order of �10�14 kg/s for a single nanopore. Therefore, the number of

graphene nanopores and thus the membrane porosity need to be increased dramat-

ically for any realistic applications. However, as the pore number and porosity

increase, it is unclear whether the nanoporous graphene membranes can remain sta-

ble while allowing high evaporation rates and whether the increasing porosity would

affect the observed high evaporation flux from individual nanopores.

To providemore insights on these questions, we separate the nanopore evaporation

data presented in Figure 3 into three groups based on the number of nanopores on

the graphene membrane as single nanopore (N = 1), small arrays (1<N<10), and

large arrays of nanopores (NR10, the highest N is 121). The equivalent porosity 4,

for these nanopore arrays, varies between 0.1% and 10%. We replotted the evapo-

ration flux separately in Figure 4, in which the blue dashed lines represent the same

diameter dependence as shown in Figure 3B. We found that there is still a large vari-

ation in evaporation flux from similar diameters regardless the number of nanopores

on one membrane. Nevertheless, the aforementioned diameter dependence can

still be used to capture the change of evaporation flux for each of these three groups,

which suggests that the observed diameter dependence is independent of gra-

phene pore number and porosity, at least in the range we investigated. Moreover,

the nanoporous graphenemembranes remained intact after the intense evaporation

experiments under vacuum, which demonstrates the feasibility of developing large

graphene nanoporous evaporators. Combining these two observations, we can

conclude that it is feasible to create large graphene nanoporous evaporators and
10 Cell Reports Physical Science 3, 100900, June 15, 2022
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Figure 4. Effect of pore number and porosity on the evaporation flux

(A–C) Diameter-dependent evaporation flux for (A) single nanopores (N = 1), (B) the small array of nanopores (1<N< 10), and (C) the large array of

nanopores (10%N% 121). The black dashed line represents the H-K limit; the blue dashed line represents the same diameter dependence fit from all

data points regardless of nanopore number.
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for a given porosity, the optimal strategy for achieving high evaporation perfor-

mance is to fabricate relatively small nanopores instead of large ones.

Temperature is another important factor that affects the evaporation flux and is also

the key operating parameter in applications such as membrane evaporators. We

performed the nanopore evaporation experiments under different operating tem-

perature (controlled by chip heater) and show the results in Figure 5A (details of

experiment set-up can be found in Note S1). It is obvious that higher evaporation

flux is measured at higher temperature. For example, for nanopores with a diameter

of 34G 10 nm, the evaporation flux at 50�C is almost 10 times that at 22�C. However,
the diameter dependence is still observed regardless of different temperature.

To further explore the temperature dependence, we compared the measured evap-

oration fluxes with the evaporation flux predicted by the H-K limit (assuming se = 1,

plotted as the black dashed line) in Figure 5B. Since Psat is also determined by the

temperature, the H-K limit becomes a sole function of the operating temperature,

which increases almost exponentially as the temperature increases. Interestingly,

we found that for the same-sized nanopores the measured evaporation flux from

graphene nanopores followed the same trend as the H-K limit, but with different

magnitude. The temperature dependence depicted by the H-K relation is therefore

still valid for nanopore evaporation.

The strong diameter dependence of the evaporation flux, along with the validity

of the H-K relation, indicates that the evaporation coefficient of graphene nano-

pores would not change with temperature but strongly depends only on the

pore diameter. To confirm this, we normalized the evaporation flux based on

the H-K limit at different temperature to obtain the evaporation coefficient seh
se = Je

Jeðse = 1Þ
i

and show its dependence on nanopore diameter in Figure 5C.

Indeed, the se = aG + bG
d relation found at 22�C (blue dashed lines aG = 0:27

and bG = 13:73 nm) can be used to predict the trend in all other temperature

conditions, indicating that the evaporation coefficient of graphene nanopore has

no temperature dependence. This finding is consistent with a recent study of

kinetically limited evaporation from ultrathin silicon nitride nanoporous mem-

branes, where predication based on the H-K equation and a constant evapora-

tion coefficient could well match experimental results over a large temperature
Cell Reports Physical Science 3, 100900, June 15, 2022 11



0 100 200
d (nm)

0

0.5

1

1.5

0 100 200
d (nm)

0

0.5

1

1.5

0 100 200
d (nm)

0

0.5

1

1.5

0 100 200
d (nm)

0

0.5

1

1.5

22°C 30°C 

40°C 50°C 

A CB

20 30 40 50
Temperature (°C)

100

101

Ev
ap

or
at

io
n 

Fl
ux

 J
e (

m
m

/s
)

d = 24-44 nm
d = 44-64 nm
d = 64-84 nm
d = 84-104 nm
d = 104-124 nm
d = 124-144 nm

0 50 100 150 200 250
Nanopore Diameter d (nm)

100

101

Ev
ap

or
at

io
n 

Fl
ux

 J
e (

m
m

/s
)

22 °C
30 °C
40 °C
50 °C

σ σ
σσ

Figure 5. Effect of operating temperature on the evaporation flux

(A) Evaporation flux as a function of pore diameter at different temperatures. The evaporation flux always increases as the nanopore diameter

decreases. Error bars represent SD of a group of data within corresponding diameter range (G10 nm). Dash-dot lines represent the same fitting when

normalizing the evaporation flux to the H-K limit.

(B) Evaporation flux as a function of operating temperature. The black dashed line marks the H-K limit, which increases nearly exponentially with

temperature. At each temperature condition, the smaller nanopore groups hold relatively higher evaporation flux compared with larger nanopore

groups. The error bars (same as in A) have been hidden to better show all markers.

(C) Evaporation coefficient se (normalized evaporation flux based on the H-K limit) as a function of nanopore diameter. Each point represents the result

from one graphene membrane. In all subplots, the blue dashed lines represent the same fitting (se = aG + bG

d ) obtained from data at 22�C.
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range.45 However, the evaporation coefficient was estimated as 0.35 for their

200-nm silicon-nitride nanopores, while in graphene nanopores, we showed

that it could have values larger than 1 due to the edge-facilitated evaporation

and minimum contaminant accumulation, which further confirms the advantage

of graphene nanoporous membrane evaporators.

In summary, we integrated monolayer graphene membranes into nanofluidic de-

vices to investigate the water evaporation kinetics from the graphene nanopores.

We used multiple procedures to secure the membrane integrity, thus ensuring

that the device was capable of providing accurate evaporation flux measurement

with the resolution down to single nanopore. The kinetically limited evaporation

flux was found to be a reciprocal function of the nanopore diameter, where the

smaller the nanopore, the higher the evaporation flux. At diameters below

100 nm, we even measured flux exceeding the sonic limit predicted by the classic

H-K relation. The edge of the graphene nanopore is believed to play an important

role to elevate the evaporation flux, and different functional groups of nanopore

edge are hypothesized to be responsible for the variation in evaporation flux.

The diameter dependence was also found to be insensitive to the number of nano-

pores and the operating temperature. These findings provide fundamental under-

standing of the evaporation kinetics in graphene nanoporous membranes and

promising outlooks for various applications requiring high-performance

evaporation.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the Lead Contact, Chuanhua Duan (duan@bu.edu).

Materials availability

This study did not generate new unique reagents or materials.
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Data and code availability

Raw data are available from the lead contact upon reasonable request.
Device fabrication

We first used photolithography and lift-off techniques to define a thin sacrificial

layer of Cr with nanochannel pattern on a quartz substrate. Then, we used plas-

ma-enhanced chemical vapor deposition (PECVD, SiH4, and N2O) to conformally de-

posit a 2.5-mm-thick amorphous SiO2 capping layer over the Cr sacrificial layer. On

top of the SiO2 capping layer, another layer of Cr film was deposited and defined

using lift-off techniques to expose the area of open reservoir and micropore. This

second layer of Cr served as the hard mask for reactive ion etching (RIE) to etch

through the SiO2 capping layer and expose the nanochannel entrance at the open

reservoir and first sacrificial layer of Cr at the micropore. Following this step, both

the hard mask and the sacrificial layer were etched and released by Cr etchant to

form the empty nanochannel. After the fabricated substrates were cleaned, gra-

phene was wet-transferred onto the nanochannel chip. To be more specific, top-

side graphene on the as-purchased graphene on copper foil (GrollTex, Inc.) was first

spin-coated with poly(methyl methacrylate) (PMMA). After the back-side graphene

was removed by oxygen plasma etching, the PMMA-graphene-Cu stack was floated

in Cu etchant (Sigma-Aldrich) to remove Cu. Then the nanochannel chip was used to

scoop out the PMMA-graphene stack and dry it. The PMMA was removed by

acetone, followed by CO2 critical-point drying, and H2/Ar annealing at 340�C.
Once the presence of suspended graphene over the micropore was confirmed by

SEM, we used a focused ion beam (Ga ion for larger nanopore and He ion for smaller

nanopore) to drill a nanopore on the graphene. Finally, we bonded the nanochannel

chip with a silicon chip, which was etched through with two open windows for sepa-

rate access of micropore and reservoirs. To perform the bonding, we stamped a thin

layer of poly(dimethylsiloxane) (PDMS) using the silicon chip, aligned it with the

nanochannel chip, and then cured the PDMS on a hotplate.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2022.100900.
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