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Dimensions, Details and Operation of the Thermal Pump

The thermal water-pump studied in this research consists of two parallel graphene layers
separated by 2nm (Figure Sla) completely filled with water. Each graphene layer consists
of 7200 carbon atoms with a total axial length of 50 nm in the armchair direction. From it,

360 carbon atoms are used as heaters at each end, depicted by the colors red (high temper-
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Perspective-view

Figure S1: Schematic representation of the thermal water-pump analyzed in this research.
The graphene layers are restricted in motion by fixing carbon atoms at 1 nm from the bound-
ary of the computational box (yellow atoms). The red atoms depict the high temperature
carbon atoms and the blue atoms the low temperature carbon atoms. a) Nanochannel heated
at both sides (above and below). b) Perspective representation of the nanochannel. ¢) Top-
view at the right end of the nanochannel depicting the fixed carbon atoms (yellow dots) and
the low-temperature heated carbon atoms.

ature) and blue (low temperature), with an approximate length of 2nm (see Figure Slc).
Additionally, the heated carbon atoms are located from 2nm of the boundary of the com-
putational box. Two carbon atoms are frozen (position and momentum not updated) at
each end of the graphene layers in order to restrict the mean position of the layers and also
emulate the end supports of the graphene channel (see Figure Slc). These carbon atoms
are located at 1 nm approximately from the boundary of the computational box. A total of
10060 water molecules are used to fill the nanonchannel ensuring a pressure of 1bar inside

the nanochannel by following the procedure of Wagemann et al.5!

Figure S2: Screenshot of the initial configuration.

The equilibration and preparation of the system is described in the following. The initial
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configuration was prepared using a separation distance of 2nm between the layers with a
total length of the channel of 50nm. A screenshot of the initial configuration is presented in
Figure S2. The number of molecules of 10060 is taken from the work of Wagemann et al.5!
for the channel with a 2nm height, extrapolated for a total surface area of ~200nm?. After
an equilibration of the water molecules at 300 K, the procedure of Wagemann et al.5! was
implemented to ensure an internal pressure of 1bar. This technique consists on applying
a force to the carbon atoms at the bottom graphene layer in the positive “z” direction,
mimicking a piston with a target pressure of 1bar. After equilibration, two carbon atoms
at the respective ends are frozen to keep the channel height with an approximated average
value of 2nm. It is important to recall that a specific time-frame has to be chosen to froze
the aforementioned fixed points. The one that showed and average height closer to 2nm
was chosen. A plot including the dimensions of the system is depicted in Figure S3 after the

300K and 1bar equilibration, showing the corrugation of graphene and the average height

distance of 2nm.
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Figure S3: Data plot depicting the position of the particles after equilibration of 300 K and
1 bar.

The operation of the proposed thermal-pump can be understood as a chain of repeated

device units of graphene nanochannels as depicted in Figure S4, similar to the works of
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Oyarzua et a and Leng et a Thanks to periodic boundary conditions, the water
molecules leaving the computational box at the right end of the channel, reenters at the
left end of the channel, or vice-versa, simulating the scheme presented in Figure S4. Thus,
considering that the behavior of the central unit is replicated on the specular images thanks
to periodicity, the conclusions obtained of phonons and lattice dynamics from the central

section are valid for all the units.

Left Replica Computational Box Right Replica

Figure S4: Schematic representation of the axial periodicity of the thermal pump.

Temperature Profiles

The different temperatures imposed at the ends of the graphene layers induce different axial
temperature profiles along the graphene layer. The temperature profiles along the graphene
for temperatures of 400 K-300 K, 375 K-300 K and 350 K-300 K are depicted in Figure S5.
Notice that the temperature distributions display non-linear profiles indicating non-Fourier

$4-56  Therefore,

heat conduction in the graphene layers in line with previous investigations
in order to quantify the thermal gradients imposed in our system, a linear fit is performed in
the central zone of the temperature profile, depicted by the dashed lines in Figure S5. For
imposed temperatures of 400 K-300 K a thermal gradient of 0.8 K/nm is computed in the
central zone, for temperatures of 375 K-300 K a thermal gradient of 0.6 K/nm is computed
while for temperatures of 350 K-300 K a thermal gradient of 0.4 K/nm is computed.

By imposing a thermal gradient in the graphene layers, a slight axial temperature gradient

is also induced in the confined water. The axial temperature profiles of graphene and water
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Temperature profiles along the 50 nm-long graphene layer for imposed tem-
peratures of a) 400 K-300 K b) 375 K-300K and c¢) 350 K-300 K. The blue line (—) is the
temperature profile of the top graphene layer. The dashed black lines (—) is a linear fit at
the central zone of the graphene layer.
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for the case with imposed temperatures of 400 K-300 K (highest imposed thermal gradient)
are depicted in Figure S6. In this case, a temperature difference of 15K is computed from

the peaks of the water temperature profile.
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Figure S6: Temperature profile comparison between the top graphene layer and the water
molecules confined in the nanochannel in the axial direction. The applied temperatures are
400 K-300 K.

Mean water flow comparison between the proposed thermal pump

configurations

In this section, the magnitudes of the water flows produced in the thermal pump concepts of
Figure 1a and Figure 1b of the main article are compared side-by-side. By applying the same
temperature differences of 350 K-300 K, 375 K-300 K and 400 K-300 K in both thermal pump
concepts, higher water flows are computed in the case with two layers heated (Figure la case)
in comparison to the case with a single layer heated (Figure 1b case). Indeed, as depicted in
Figure S7, at each imposed thermal gradient, lower flow rates are computed in the case with
a single heated layer (Figure 1b case). In Figure S7 the dashed lines correspond to linear

fits under the condition of v(a7—g) = 0m/s.
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Figure S7: Mean water flows produced in both thermal pump configurations presented in
Figure 1 of the main article. The thermal pump configuration with both layers heated is
depicted in Figure la of the main article and the thermal pump with a single layer heated
is represented in Figure 1b of the main article. The dashed lines correspond to linear fits
under the condition of v(ar—g) = 0m/s.

Restrained simulations

In order to evaluate the influence of the out-of-plane flexural phonons of the graphene layer
in the operation of our thermal pump, the out-of-plane motion dynamics of the graphene
layer is restricted in the device by imposing an external potential on each graphene layer.
To achieve this, external ghost-layers are introduced above and below of each graphene
layer as depicted in Figure S8. These ghost-layers are frozen graphene layers (position and
momentum not updated) interacting only with the thermalized graphene layers by means
of interatomic potentials, not to the water molecules. A separation distance of 0.34nm is
chosen between the graphene layers, based on the interlayer spacing of graphite.5758

In this analysis, two interatomic potentials are used to restrict the out-of-plane motion
dynamic of the graphene layers, a repulsive Buckingham interatomic potential and a Lennard-
Jones potential.

The Buckingham potential has the form,
cij

6
T

VB = aij €exXp (_bijrij) —
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Figure S8: Schematic of the thermal pump with external layers to restrain the out-of-plane
motion of the graphene layers. The cyan atoms depict the carbons in the graphene layers
and the gray atoms depict the atoms in the ghost layers.

and by neglecting the attractive term (¢;; = 0), we are imposing a repulsive potential to
the graphene layers from above and below. In the first attempt to impose the repulsive
potential we use a slight repulsive interatomic potential based on the Water-hydrogen /Silica
interaction with the parameters of a;; = 6830.682 kJ/mol and b;; = 32.65839 nm®°. For the
Lennard-Jones potential we use the interatomic C-C Lennard Jones potential from the UFF,
with the parameters of ecc = 0.4396 kJ/mol and oo = 0.3851 nm. As shown in Figure 3a
of the main article, the flexural restriction with a L.J potential greatly reduces the water flow
produced in the thermal pump. Moreover, the temperature profile of the graphene layers is

not affected by the imposed restriction (See Figure 3b of the main article).

Analysis of the lattice dynamics of the heated graphene layer.

The analysis of the lattice dynamics is presented in Figure S9 by following the procedure of
Dickey & Pask®'® and Zhang et al.5!! First, the velocity correlation function is computed

according to,
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(O vi(t) - vi(0))
(>-v7(0))

Subsequently, with the extracted signal of the velocity correlation function, a Fast Fourier

(t) =

Transform (FFT) is applied to the data. As an example, the velocity correlation function
for the out-of-plane dynamics of the graphene layer is depicted in Figure S9a (z-component
of the velocity) and the FFT of that signal is shown in Figure S9b. Thereafter, a Gaussian
smearing is implemented in the FFT signal in order to obtain a smoother signal. In this
example, a bandwidth of 0.8 THz is applied to the signal in Figure S9¢ and a bandwidth
of 1.2 THz is applied to the signal in Figure S9d. It is important to note that the velocity
correlation function is computed only in the non-heated carbon atoms in order to avoid
any spurious effect in the analysis due to the thermostat. In the main article, a Gaussian
smearing width of 0.8 THz is implemented to compare and analyze the phonon-dispersion
curves.

The phonon dynamics is decomposed into in-plane, out-of-plane and total DOS by com-
puting the FFT of the velocity correlation function with the corresponding velocity compo-
nents separately. 51512 In the case with imposed temperatures of 400 K-300 K, the phonon
density spectra of the graphene layer for the in-plane, out-of-plane and total DOS is presented
in Figure S10. Different representations of the same data are presented in order to better
visualize the dynamic behavior. It is important to note that the phonon DOS presented here

are in good agreement with the work of Zhang et al.5!!
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Figure S9: Lattice dynamics analysis of the heated graphene layer in the case with imposed
temperatures of 400 K-300 K. a) Velocity correlation function of the out-of-plane velocity
component (v,). b) FFT of the velocity correlation function in Figure a). ¢) Smoothed FFT
signal with a Gaussian smearing width of 0.8 THz. d) Smoothed FFT signal with a Gaussian
smearing width of 1.2 THz.
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Figure S10: Phonon-dispersion curves of the heated graphene layer for the case of 400 K-
300 K for in-plane dynamics, out-of-plane dynamics, and total dynamics. a) and c¢) Different
representations of the spectra. b) and d) Smoothed signal of Figure a) and c¢) respectively
with a bandwidth smearing of 1.0 THz.
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Zoom-in of the broadening of out-of-plane DOS.

In Figure S11 we present a close-up of Figure 5b of the main article, between frequencies
4 and 12 THz. Figure S11 clearly shows the systematic broadening of the dispersion curves
with lower frequency peaks at higher thermal gradients, similar to a “traveling wave” moving
from the lowest thermal gradient (solid black line) to the highest thermal gradient (solid blue

line).
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Figure S11: Out-of-plane DOS (ZA) of the heated graphene layer for the system shown in
Figure 1b (top layer) of the main article. This plot is close-up of Figure 5b of the main article
between frequencies 4 and 12 THz. The applied temperatures are 350 K-300 K, 375 K-300 K
and 400 K-300 K. The phonon DOS with no imposed thermal gradient is also included.
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Axial distribution of the water flow velocity.

In the main article we presented the water axial velocity profiles considering a height distri-
bution (see Fig.3a and Fig. 7b of the main article), where a flat profile through the channel
cross-section is observed on average for all the systems and cases investigated. However, by
analyzing the water flow velocity considering an axial distribution (variation of the velocity
in the z-direction) some differences in magnitude are observed. In Figure S12a the axial
distribution of the water flow velocity for the case with the lowest applied thermal gradient
(applied temperatures of 350 K-300 K) is shown. In this case, the water flow velocity has
a constant value of 1.4m/s on average along the entire channel in the z-direction. Further-
more, in Figure S12b the axial distribution of the water flow velocity for the case with the
highest applied thermal gradient (applied temperatures of 400 K-300 K) is shown. Here,
unlike the case with temperatures of 350 K-300 K, a difference of 0.5 m/s in the flow velocity
is observed between the regions with the high and the low temperatures imposed. In fact, for
the case with the highest applied thermal gradient, the water flow velocity displays a slight
increase in magnitude in the high temperature zone i.e., the region including the heater with
the higher applied temperature (400 K). This result indicates that most of the boost of the

water flow is gained from the high temperature zone in the proposed thermal-pump.
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Figure S12: Axial distribution of the water flow for the system shown in Figure la (both

layers heated). The applied temperatures correspond to a) 350 K-300 K and b) 400 K-300
K.

S-13



Diffusivity of water.

In order to discuss the diffusion mechanisms of the water molecules confined in the nanochan-

nel, the mean-square-displacement (MSD) of the water molecules is computed according to,

MSD = (Jr(t) — r(0)*) (1)

where the different mechanisms can be described using the next expression,

MSD = 2dDt" (2)

where d stands for the dimensionality of the system, D the diffusion constant and n describing
the diffusion mechanism, with n = 0.5 referring to single-file diffusion, n = 1 the Fickian
diffusion, and n = 2 referring to ballistic diffusion. The analysis performed here are based
on the work of Barati et al.5!3, Marti et al.,5'% Zaragoza et al.>!® and Zhao et al.5'6 for
nanoconfined fluids. Here, the comparison of diffusivity of water between the LJ-restrained
case with a AT of 400 K-300 K (Figure 6 in the main paper) and the isothermal case at 300 K
is performed.

In Figure S13a the MSD for the isothermal case at 300 K is shown. The MSD using
the real positions of particles is depicted by the blue line (MSD,,), the MSD computed by
removing the center-of-mass of the fluid system is represented by the green line (MSD,,.com),
the two-dimensional (2D) MSD using the real positions of particles in the zy-coordinate is
depicted by red (MSD,,) and the 2D-MSD by removing the center of mass of the fluid is in
yellow (MSD,,com). From the figure, we clearly observe that the MSD is the same for the
four methods analyzed, showing that the xy diffusion is the dominant direction of diffusivity,
as expected for a 2D system. It is important to mention that by removing the center-of-mass
positions the MSD is reduced only slightly, its contribution being negligible considering that

the diffusion analysis is based on the slope behavior of MSD.
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Figure S13: Diffusion enhancement due to graphene wiggling of water in the nanochannel.
a) MSD of the isothermal case at 300 K. The 3D-MSD is depicted in blue, the 3D-MSD with
subtracted center-of-mass of the fluid is in green, the 2D-MSD is in red, and the 2D-MSD
with removed center-of-mass is in yellow. b) MSD,,. comparison between the LJ-restrained
case with applied temperatures of 400 K-300 K and the non-restrained isothermal case at
300 K with the corresponding diffusion coefficients.

The MSD comparison between the LJ-restrained case and the non-restrained isothermal
case at 300 K is presented in Figure S13b. Here, at 1000 ps, the LJ-restrained case shows a
diffusion constant of water of 2.75x 1075 cm? /s and the non-restrained isothermal case shows
a diffusion constant of 7.6 x 107° cm?/s. By comparing these results with the bulk diffusion
constant for SPC/E water (D = 2.59 x 107° cm?/s51%) we observe that the LJ-restrained
case at 1000 ps shows only a slight increase of 6% in the diffusion constant, indicating that
the confined water molecules experience almost no diffusion enhancement coming from the
graphene wiggling. On the other hand, the non-restrained isothermal case shows a 3times
enhancement of diffusion compared to the bulk value, exhibiting the enhancement of diffusion
due to the wiggling of graphene, in line with Ma et al.5>!” and Marbach et al.>'®

Although this result unveils a key aspect of the diffusion mechanisms in the proposed
thermal pump, we believe that a complete analysis of the fluid behavior and diffusivity of
water in the proposed thermal-pump is further needed and must be performed extensively
in the near future. The analysis of the diffusion mechanisms of water in nanochannels

have several approaches. First, the diffusion of water relies on the level of confinement of
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the system, where it has been observed a dependency of the diffusion with respect to the
height of the nanochannel4516:519  Secondly, graphene as a confining wall modifies the
diffusivity of water due to its large hydrodynamic slippage with water and to its intrinsic

S16) graphene plays an important role trough friction.

corrugation®!” | where active (or frozen
Additionally, the spatial behavior of water diffusion is also important, where it has been
observed in carbon nanotubes®! | that confined water molecules near the solid experience
a diffusion enhancement compared to the central zone. Finally, it should be noted that

the non-equilibrium thermal state of our system adds an additional level of complexity that

makes the analysis of the aforementioned points even more challenging.

S-16



Tangential van der Waals Force.

In this section, the methodology proposed by Leng et al.5 and Zhu et al.5?° to compute
the driving force of thermal-water-pumps is presented. This method consists on computing
the tangential van der Waals (vdW) force (axial force in the z-direction) of the atoms in
the solid acting on the water molecules along the nanochannel. Considering that our system
does not have junctions or changes in cross sections, we can analyze the total channel as a
single volume. Additionally, in order to store the specific vdW interaction, the molecular
dynamics code must be modified accordingly. The pseudo-code of this computation for a

single time-step is presented below.

IF (func.EQ.LJ_6_12) THEN
IF ((atom_i.EQ.0.0OR.atom_i.EQ.H).AND. (atom_j.EQ.C.OR.&
& atom_j.EQ.C_Hot.OR.atom_j.EQ.C_Low)) THEN

vdwF (1)

vdwF(1) + 1

vdWF(2) = vdwF(2) - fx ! tangential force

ELSEIF ((atom_j.EQ.0.OR.atom_j.EQ.H).AND. (atom_i.EQ.C.OR.&

& atom_i.EQ.C_Hot.OR.atom_i.EQ.C_Low)) THEN
vdwF (1) = vdwF(1) + 1
vdwF(2) = vdwF(2) + fx ! tangential force
ENDIF
ENDIF

We averaged these forces for a total simulation time of 5ns with applied temperatures
of 350 K-300 K, 375 K-300 K and 400 K-300 K. The mean force magnitudes obtained at each
temperature difference are reported in Figure S14. Our results show that the average vdW

forces obtained for all the imposed temperature differences point towards the colder temper-
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ature region along the graphene channel, therefore in the same direction of the produced net
water flow.

Although this result shows no alteration of the tangential vdW force with respect the
applied temperature difference, we believe that the out-of-plane phonons and the vdW forces
of graphene acting on water are linked and both should give related answers for the gener-
ation of fluid motion in thermal-water-pumps. Therefore, we think that the methodology
proposed by Leng et al.®® and Zhu et al.5?" is the starting point to address the mechan-
ical force that drives the motion in graphene/water systems, however, further theoretical
and computational analysis®?® must be conducted for graphene/water in order to reach a
comprehensive understanding of the forces contributing to the production of flow including
the role of friction. A related investigation was proposed by our group®?', wherein the to-
tal thermophoretic force acting on water nanodroplets confined in a single-walled CN'T was
computed from molecular dynamics simulations. This force was measured by subtracting
the friction force to the total net force acting on the droplet at the corresponding velocities.

In summary, we believe that a study that address the mechanical force that drives the
flow in graphene/water thermal-pump systems must be performed extensively, addressing all
the variables affecting this system such as the intrinsic high slip in graphene/water systems,
the anharmonic corrugation of the solid, the rippling dependency with temperature, the
enhanced diffusion of water, the contact surface dependency and the height of the channel,

to mention a few.
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Figure S14: Axial van der Waals force of carbons acting on the water molecules at three
temperature differences.
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