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Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

In this work, the authors introduce a novel method for moisture extraction utilizing vibrational mechanical actuation enabled
by piezoelectric materials. Although the authors have conducted extensive research on this approach, they have not
sufficiently demonstrated its significance and potential applications. While some key points are addressed in the discussion
section, such as comparisons with photothermal methods and the practicality and universality of the technique, these claims
lack supporting experimental evidence, making it difficult to substantiate the method's promise. Specific comments are as
follows:

(1) In the discussion section (Page 16), the authors compare their method with photothermal techniques, stating that the
current photothermal conversion efficiency limit is only 15%. Despite providing references, this argument appears to be
inaccurate. The authors failed to provide an objective comparison and clearly demonstrate the uniqueness of their method.
(2) On page 17, the authors use limited experimental data to estimate the water yield of their devices at 1 m2, which is
insufficient to convince readers of its effectiveness on larger scales. While the proposed method works well for small
samples, the challenge of internal water drainage increases with sample size. How does this method perform on large-scale
samples?

(3) The authors mention the applicability of their method to other material systems, yet it would be beneficial to provide
experimental data to support this claim.

(4) Vibration-induced moisture extraction can indeed reduce energy consumption compared to thermal methods. However, it
also results in more water being expelled through small droplets or water clusters, potentially carrying ions or micro-
nanoparticles from the material, leading to deteriorated water quality.

Reviewer #2

(Remarks to the Author)

In this work, the authors demonstrate that vibrational mechanical actuation can be used instead of heat to extract water from
moisture harvesting materials, offering about five-fold increase in the extraction energy efficiency. However, some revisions
need to be made before publication. My comments are below:

(1) The efficiency is the critical index of the atmospheric water harvester. | suggest the authors to provide the detailed
calculation process.

(2) Figure 2(d) and (e) show the SEM image of images of HG-A and HG-C samples, respectively. The figures lack scale bar.
(3) How stable is the proposed atmospheric water harvester? Does it work for a long time?

(4) To further facilitate practical application, it is necessary to carry out economic analysis.

Reviewer #3

(Remarks to the Author)

This work demonstrates the use of a combined ultrasonic actuator and heating to induce desorption of water from a sorbent
for atmospheric water harvesting. While the work is interesting and well supported, the following questions/comments need
to be addressed:



- The comparison of performance with and without the piezoelectric actuator shows that this approach can be used with a
lower energy consumption than the tradition heating-induced evaporation. In many ways, this is analogous to a comparison
between ultrasonic and evaporative humidifiers that are commercially available. Furthermore, there are papers on using
ultrasound to trigger controlled release from hydrogels for biomedical applications. So, the authors should better explain the
novelty of their work.

- The authors refer to a thermodynamic limit and claim that the device is not bound by that — how is this claim made? They
may be referring to a thermal “limit”, but by definition the thermodynamic limit is agnostic to the process (it can be a
blackbox).

- How is Q_e calculated for the efficiency given that the energy input is electricity? In general, a better explanation of the
10% efficiency for “state-of-the-art” devices and the 47% efficiency of the current device is needed. Is the comparison really
1-1?

- Some more clarification on the separate and coupled effects of mechanical actuation vs. heating can be included to better
explain the results.

- The last section on discussion and outlook seems to take a different turn and not fit within the current scope, so itis
suggested to better integrate this or remove it.

- Projecting results from a 0.0002 m2 device that produced 0.11 mL of water to a 1 m2 device needs to be better justified.
Transport properties do not scale linearly, and fluctuations in ambient conditions (diurnal or seasonal) will have an impact.
Furthermore, a MEMS-inspired device is used for the demonstration and it is not clear how that will be scaled, and what
impact that has on cost.

- The last sentence says “breaking the thermal efficiency limit” which is not a 1-1 comparison since the proposed approach
does not use only a thermally induced desorption.

- Is there any data on the repeatability of using the approach, or does the vibration degrade the gel mechanics over many
cycles?

Version 1:
Reviewer comments:
Reviewer #2

(Remarks to the Author)
The authors handled all my concerns. Now the manuscript can be accepted in the present form.

Reviewer #4

(Remarks to the Author)

I have carefully reviewed the manuscript by Shuvo and Boriskina et al. before considering the comments and suggestions
raised by the other reviewers in the previous review cycle. This work does report an interesting phenomenon in the field of
atmospheric water harvesting (AWH) that water can be extracted from a hydrogel by using an ultrasonic actuator. The
authors convincingly demonstrated that they are attempting to address one of the major challenges in the field: the
optimization of energy consumption for sorbent regeneration and freshwater production. However, | also have similar
concerns to other reviewers in terms of energy consumption and calculations, water qualities, scalabilities, etc., even though
with the resubmitted manuscript.

1. It is known that the thermally-driven sorbent regeneration and freshwater production systems can make direct use of low-
grade energy, such as waste heat, or thermal energy converted from solar energy. The ultrasonic water extraction reported in
this work relies entirely on electricity, a high-grade secondary energy and substantial energy losses occur during electricity
generation. For example, commercial PV modules normally converts only ~15-20% of incident energy in practice while
thermal power plant converts approximately 30-40% of energy from burning fossil fuels. If these upstream losses are
counted, the ultrasonic route suffers a three- to five- fold increases in primary energy demand and a correspondingly larger
carbon footprint.

2. The daily freshwater yield of the ultrasonic approach is projected at around 3.2 L m=2day~"; by contrast, the state-of-the-art
solar-thermal systems already deliver much higher productivity, for example, 3.65 L/m2/day (Energy Environ. Sci., 2024, 17,
4988-5001), 3.5-8.9 L/m2/day (Nat. Commun. 2024, 15, 7678), 5.02 L/m2/day (Adv. Funct. Mater. 2025, 2501163), etc., by
using only solar energy. It is premature to conclude that ultrasonic-driven process outperforms its thermal-based
counterparts.

3. Another critical question is whether AWH remains advantageous when scaled to grid-connected systems. At a relative
humidity of 75 %, a level the experiment of this work carried out for freshwater productivity prediction, AWH can indeed
produce water. However, the availability of grid electricity removes the energy constraint that AWH is designed to
circumvent. Under such conditions, conventional condensation technologies (e.g., dehumidifiers) are likely to deliver
significantly higher water yields and should be evaluated as the more favorable option than the ultrasonic approach.

4. The measured energy demand falls below the latent-heat limit, implying that water is released as clusters or micro-
droplets rather than as pure vapor. This mechanism can entrain salt ions and polymer fragments—ranging from nano- to
micro-scale—during extraction. Such particles are invisible to routine analytical methods yet still pose potential health risks.
Consistent with this picture, the collected water contains 1.5—-15.2 ppm of lithium ions, confirming that lithium chloride was
carried out of the sorbent together with the harvested water.

5. The long-term stability could be a major challenge in this actuator-hydrogel-based AWH system. Lithium chloride
aggressively corrodes most metals, threatening ultrasonic device integrity, so the claimed 25-year service life is almost



certainly an overestimate. Equally uncertain is the hydrogel itself: its mechanical strength, degree of polymerization, and
resistance to cyclic swelling must be monitored over thousands of operating cycles. The current durability test, only a 25-30
% duty cycle over 45 min, falls far short of demonstrating a 30-day lifespan. These unresolved reliability issues also cast
doubt on the projected cost target of $0.19 L1

6. Noise pollution represents an additional, often-overlooked challenge, particularly for scaled-up arrays capable of meeting
an adult’s daily water requirement. A single ultrasonic actuator poses little risk to human health, yet hundreds operating in
close proximity can create an ultrasound level that may compromise comfort and well-being; this collective impact must be
explicitly evaluated and mitigated.

Version 2:
Reviewer comments:
Reviewer #4

(Remarks to the Author)
The authors addressed my comments satisfactorily and | thus recommend its acceptance.
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We are grateful for the constructive comments from the reviewers on our manuscript. The
reviewer’s comments are in blue, with our responses for each specific comment below. The text
that has been added to the revised manuscript is colored red. To properly address the repeating
comments from multiple reviewers, we added several new Supplementary Notes to the revised
version of the manuscript. These notes (4-8) are included at the bottom of this letter and are
referenced in our responses below to avoid duplicating large portions of the text.

Reviewer#1

In this work, the authors introduce a novel method for moisture extraction utilizing vibrational
mechanical actuation enabled by piezoelectric materials. Although the authors have conducted
extensive research on this approach, they have not sufficiently demonstrated its significance and
potential applications. While some key points are addressed in the discussion section, such as
comparisons with photothermal methods and the practicality and universality of the technique,
these claims lack supporting experimental evidence, making it difficult to substantiate the
method's promise. Specific comments are as follows:

(1) In the discussion section (Page 16), the authors compare their method with photothermal
techniques, stating that the current photothermal conversion efficiency limit is only 15%.
Despite providing references, this argument appears to be inaccurate. The authors failed to
provide an objective comparison and clearly demonstrate the uniqueness of their method.

We thank the reviewer for raising this important point and would like to clarify some confusion
about the efficiency of different processes discussed in the manuscript.



(1) The photothermal conversion efficiency discussed on page 16 is the efficiency of solar-
thermal energy conversion, which is compared to the efficiency of photovoltaic solar
energy conversion process. Our method of water extraction can use electrical energy from
the grid, from a stand-alone PV cell, or from any local generator. The conventional method of
thermal moisture extraction via evaporation can use solar energy directly by absorbing it and
converting it to heat, which may create an impression that this is a more efficient energy
conversion process. However, the efficiency of solar energy conversion to electricity in a PV
cell is ~20-25%, while solar-thermal energy conversion efficiency under unconcentrated
sunlight is lower (~15%) because of the heat losses via thermal re-emission. The argument
above was included to explain the point that although the vibrational extraction technique
requires energy input in the form of electricity, while thermal extraction can use sunlight
directly, direct solar heat usage for thermal extraction not offer any advantage from the
energy efficiency standpoint over the PV cell. If the electrical energy from the grid is used,
the above argument is completely irrelevant.

(i) More importantly, neither of the efficiencies above should be directly compared to the
energy efficiency of the water extraction, which is the central point of our study. The
electrical energy supplied to our actuator-sorbent system can be generated by any
[unspecified] method, and only the total electric energy input to the system is used to
calculate the water extraction efficiency. In our lab experiments, the electrical energy is
supplied from the grid.

To avoid unnecessary confusion, and also following the recommendation of Reviewer 3, we
significantly shortened this discussion, which is outside of the main scope of the manuscript.

(ii1) At the same time, to clarify the definition and calculations of the energy efficiency of the
water release process (which is ambivalent to the source of the energy and is the central
point of this work), we have added Supplementary Note 4 to the Supporting Information.

After including the new data summarized in Table S4, the revised Fig. 1e is as follows:
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Figure 1le: Efficiency values of the moisture extraction achieved in this study compared with
the state-of-the-art literature data (here, s = short actuation period; I= long actuation period; s m
= multiple repetitive cycles of short actuation periods).



Similarly, the revised Fig. 6d (previously Fig. 6¢) portraying the energy consumption of the
devices is as follows:
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Figure 6d: A comparative analysis of energy consumption between actuator-enabled water
extraction and the state-of-the-art thermally driven evaporation process ! (here, si 1 = a single
device actuated over a long period; ar | = an array of devices actuated over a long period; si_s
= a single device actuated over a short period; ar s = an array of devices actuated over a short

period; si_s m = a single device actuated over multiple short periods).

(2) On page 17, the authors use limited experimental data to estimate the water yield of their
devices at 1 m?, which is insufficient to convince readers of its effectiveness on larger scales.
While the proposed method works well for small samples, the challenge of internal water
drainage increases with sample size. How does this method perform on large-scale samples?

We agree with Reviewer #1 that, in general, the efficiency and productivity of a scaled-up
system will be very specific in each implementation and would need to be evaluated on the case-
by-case basis. Our statement is based on the simplest scaling strategy, which assumes that
multiple identical actuators with hydrogel samples identical to those used in our study will
be deployed in the form of a 2D array with the total area of the sample surface equal to m2.
We further assume that each actuator will be powered separately and the energy consumption per
device will be the same as measured in our experiments. This is likely not the most efficient way
of scaling the system up and would overestimate the daily energy consumption of the system and
underestimate the energy efficiency of extraction. We added Supplementary Note 5 to the
manuscript to explain how the daily yield and energy efficiency of extraction is estimated for a
scaled-up system.

The following text has been added to the Discussion section of the manuscript:

We estimated the daily yield of water that can be harvested from a scaled-up system with a 1-m?
sorbent area [L/m?/day] by extrapolating the results of cyclic sorption-desorption testing of a single
prototype device with a large sorbent over 10 hours at 75% RH, i.e., by using the data shown in
Fig. 6¢c. This simple scaling strategy assumes that multiple identical actuators with hydrogel



samples identical to those used in our study are deployed in the form of a 2D array with the total
area of the sample surface equal to 1 m?. We further assumed that each actuator is powered
separately and the energy consumption per device is the same as measured in our experiments.
The resulting average daily productivity value has been predicted to be ~3.2 [L/m?/day], and the
average device extraction efficiency - 0.576 MJ/kg (see Supplementary Note 5).

This is likely not the most efficient way of scaling the system up and overestimates the daily energy
consumption while underestimating the energy efficiency of extraction. The effectiveness of large-
area PZT-based ultrasound transduction has been demonstrated in various unrelated studies. For
example, an interconnected network comprising hundreds of miniaturized PZT actuators has been
employed over a 20cm x 20cm area, utilizing only 6W of electric power, resulting in efficient
transduction intensity at a depth up to 8mm?. Similarly, larger piezoelectric components could be
utilized in arrays, akin to those employed in sonar applications for underwater wireless
communication, which are inherently designed with a larger footprint area extending up to several
sq. feet®. Future research could implement these strategies to test the AWH sorbents with a custom-
made actuator array over a large surface area and associated electronic circuits for optimum power
supply to the array. We expect that scaling laterally through arrays of multiple piezoelectric
devices, while maintaining hydrogel thickness within a few millimeters, may yield even better
performance and higher energy efficiency than we predict based on the simple approach described
above.

(3) The authors mention the applicability of their method to other material systems, yet it would
be beneficial to provide experimental data to support this claim.

We thank the reviewer for raising this important point. The discussion section of the manuscript
has been modified to include the following text:

In our study, we demonstrate the approach applicability to extract moisture with high efficiency
from two different hydrogel systems. These results give reason to expect that ultrasound
actuation can facilitate moisture extraction from other sorbents. This hypothesis is independently
supported by literature evidence on increased drying rate of textiles*, seaweed?, and zeolite®
under ultrasonic actuation. Each material system would need to be evaluated separately under
optimized actuation conditions, moisture content, and sorbent geometry, which will be a subject
of our future work.

(4) Vibration-induced moisture extraction can indeed reduce energy consumption compared to
thermal methods. However, it also results in more water being expelled through small
droplets or water clusters, potentially carrying ions or micro-nanoparticles from the material,
leading to deteriorated water quality.

We addressed this important concern by adding the following Supplementary Notes 6 and 7
that describe the material stability and extracted water quality testing. The Method section has
also been revised to include the information on the testing methodology.



The following paragraph has been added to the Methodology section:

Li content test of extracted water

Agilent 5100 DVD was used to test the quality of the ultrasonically-extracted water from PAM-
LiCl hydrogels via a coupled plasma optical emission spectrometer (ICP-OES) elemental analysis,
similar to the test methods reported in recent studies of AWH hygroscopic gels’. Prior to testing
with the Agilent 5100 DVD, the extracted water was collected using VWR sterile syringe filters.
Multiple desorbed specimens were tested.



Reviewer #2

In this work, the authors demonstrate that vibrational mechanical actuation can be used instead
of heat to extract water from moisture harvesting materials, offering about five-fold increase in
the extraction energy efficiency. However, some revisions need to be made before publication.
My comments are below:

(1) The efficiency is the critical index of the atmospheric water harvester. I suggest the authors to
provide the detailed calculation process.

We thank the reviewer for raising this important point. Please refer to the Supplementary Note
4 — Efficiency calculation of the device at the bottom of this letter for the detailed calculation
process.

(2) Figure 2(d) and (e) show the SEM image of images of HG-A and HG-C samples,
respectively. The figures lack scale bar.

We have included the scale bar into the Figure 2 panel, thank you for pointing out this omission.

(3) How stable is the proposed atmospheric water harvester? Does it work for a long time?

The AWH hydrogel sorbent used in this work has been previously demonstrated to have high
cycling stability under thermal moisture extraction operation®. The original version of the
manuscript showed stable cycling performance of our system with hydrogels and ultrasonic
extraction for three extraction cycles. To address the material stability during operation over a
longer time, we have conducted additional cyclic sorption-extraction experiments over the course
of 8-10 hr (see Figs. 6¢, S36, S37 and Supplementary Note 5). Each cycle included exposure of
the sorbent to air at 75% relative humidity for 1 hour, followed by 2 minutes of ultrasonic
extraction with 25% duty cycle. Our previous experiments indicated that the desorption rate (and
thus energy efficiency) declines after the initial few minutes of ultrasound actuation. To prevent
such efficiency degradation and to operate close to the optimum extraction conditions, we
implemented shorter 2-min desorption periods. These experiments allowed us to further reduce
the specific energy consumption to the level below the thermal limit, as illustrated in Figs. 6c,
S36, and S37. Furthermore, our data reveal that after 10 cycles, there was no significant
degradation in performance of multiple tested samples during either water uptake or desorption
periods. Please refer to the Supplementary Note 5 — Scaled-up AWH system performance
estimate at the bottom of this letter for the detailed description and the results of the cyclic
experiment.



(4) To further facilitate practical application, it is necessary to carry out economic analysis.

We thank the reviewer for the valuable recommendation and have included the technoeconomic
analysis in Supplementary Note 8.

The following text has also been added to the discussion section:

Finally, our preliminary technoeconomic analysis of the scaled-up system performance indicates
the viability of commercializing our system, with the estimated cost of water of 0.19 $/L, which is
lower than the cost of bottled water in various countries worldwide, including USA, UK, Canada
and Australia (see Supplementary Notes 7-9 and Supplementary Fig. S41).



Reviewer#3

This work demonstrates the use of a combined ultrasonic actuator and heating to induce
desorption of water from a sorbent for atmospheric water harvesting. While the work is
interesting and well supported, the following questions/comments need to be addressed:

(1) The comparison of performance with and without the piezoelectric actuator shows that this
approach can be used with a lower energy consumption than the tradition heating-induced
evaporation. In many ways, this is analogous to a comparison between ultrasonic and
evaporative humidifiers that are commercially available. Furthermore, there are papers on
using ultrasound to trigger controlled release from hydrogels for biomedical applications. So,
the authors should better explain the novelty of their work.

As we acknowledge in the manuscript, we do draw the inspiration from the ultrasonic water
atomizers for humidification and medical applications. These applications apply ultrasound to
atomize bulk water or extract drugs from over-saturated medical hydrogels with very high free
water content. The novelty of our work is in the application of piezo-induced actuation
technology for water extraction from AWH sorbents, which have low moisture content, making
efficient extraction much more challenging. The conventional method that has been used so far
by the AWH technology is thermal evaporation and condensation, which is a very energy-
intensive process. Our work offers the first ever (to the best of our knowledge) experimental
demonstration of the energy consumption of such process below the enthalpy of water
evaporation (referred to as the thermal limit). This major improvement in energy efficiency may
significantly support AWH technology commercialization. We also expect our work to stimulate
future studies on understanding the fundamental mechanisms of ultrasound interaction with
different sorbents and different types of hydrogen bonds.

The preceding section (in red font) has been incorporated into the manuscript's discussion
section.



(2) The authors refer to a thermodynamic limit and claim that the device is not bound by that —
how is this claim made? They may be referring to a thermal “limit”, but by definition the
thermodynamic limit is agnostic to the process (it can be a blackbox).

Thank you for pointing out this unfortunate typo; we intended to refer to the “thermal limit” as
defined in Supplementary Note 4 at the bottom of this letter. The thermal limit is
conventionally defined as the enthalpy of water evaporation process and our device — which uses
non-thermal method of extraction of liquid water as well as water vapor — is not bound by this
limit.

(3) How is Q_e calculated for the efficiency given that the energy input is electricity? In general,
a better explanation of the 10% efficiency for “state-of-the-art” devices and the 47%
efficiency of the current device is needed. Is the comparison really 1-1?

We thank the reviewer for raising this important point. We have added Supplementary Note 4
to the Supporting Information (see above) to clarify the definition and calculations of efficiency.
In short, the comparison is indeed done on equal footing. All the compared energy consumption
values (and the corresponding energy efficiency values) represent the experimentally measured
system-level performance data for each system, i.e., the energy consumption is measured as the
total energy input to each system to drive the moisture extraction process. While different
compared systems may have different levels of parasitic losses, only the total energy input is
used in the energy calculations, allowing us to provide a 1-1 comparative estimate.

(4) Some more clarification on the separate and coupled effects of mechanical actuation vs.
heating can be included to better explain the results.

We have conducted an additional experiment to elucidate the effects of mechanical actuation and
heating, which are discussed in Supplementary Note 9.

The following sentence has been atted to the manuscript:

In our devices, we estimate the energy consumption to be roughly equally divided between the
mechanical actuation (49%) and heating (51%), see Supplementary Note 9.

(5) The last section on discussion and outlook seems to take a different turn and not fit within the

current scope, so it is suggested to better integrate this or remove it.

We have removed this discussion from the revised manuscript to keep the focus on our results
and avoid confusion.



(6) Projecting results from a 0.0002 m2 device that produced 0.11 mL of water to a 1 m? device
needs to be better justified. Transport properties do not scale linearly, and fluctuations in
ambient conditions (diurnal or seasonal) will have an impact. Furthermore, a MEMS-inspired
device is used for the demonstration and it is not clear how that will be scaled, and what
impact that has on cost.

Supplementary Note 5 has been incorporated into the Supporting Information to estimate the
daily water yield of a single device from the new cyclic measurements over the course of § to 10
hr and to extrapolate it to an array of identical devices with the total lateral area of 1m?. Under
this scaling scenario, all the actuators and all the hydrogel samples are identical to those
measured in the manuscript, so transport properties would be also identical. We complemented
this theoretical estimate by the experimental data on an array of three identical devices operated
simultaneously.

We acknowledge in the revised version of the manuscript that this estimate is done for harvesting
at ambient temperature of 24-25°C and at 75% humidity, and daily variations in either
temperature or RH may change this value. However, our results demonstrate that with the newly
demonstrated vibrational extraction mechanism, the daily water yield is limited only by the
hydrogel sorption efficiency, while the extraction step takes a small fraction of the total cycle
time. This allows us to increase the productivity of each sorbent by allowing harvesting during
the day as well as overnight.

We have additionally performed a technoeconomic analysis to evaluate the cost of water as a
function of the actuator lifetime (see Supplementary Note 8).

The following text has been added to the discussion section:

We estimated the daily yield of water that can be harvested from a scaled-up system with a 1-m?
sorbent area [L/m?/day] by extrapolating the results of cyclic sorption-desorption testing of a single
prototype device with a large sorbent over 10 hours at 75% RH, i.e., by using the data shown in
Fig. 6¢c. This simple scaling strategy assumes that multiple identical actuators with hydrogel
samples identical to those used in our study are deployed in the form of a 2D array with the total
area of the sample surface equal to 1 m?. We further assumed that each actuator is powered
separately and the energy consumption per device is the same as measured in our experiments.
The resulting average daily productivity value has been predicted to be ~3.2 [L/m?/day], and the
average device extraction efficiency - 0.576 MJ/kg (see Supplementary Note 5). This is likely not
the most efficient way of scaling the system up and overestimates the daily energy consumption
while underestimating the energy efficiency of extraction.

(7) The last sentence says “breaking the thermal efficiency limit” which is not a 1-1 comparison
since the proposed approach does not use only a thermally induced desorption.

We have revised the statement to clearly articulate the fact that by using the vibrational
extraction mechanism, we demonstrated the specific energy consumption below that prescribed
by the thermal limit (defined as the enthalpy of water vaporization). This results in the
conventionally-defined energy efficiency values in excess of 100%, which is fundamentally
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allowed because the concept of the thermal limit does not apply to a non-thermal extraction
process (such as vibrational actuation).

(8) Is there any data on the repeatability of using the approach, or does the vibration degrade the
gel mechanics over many cycles?

The AWH hydrogel sorbent used in this work has been previously demonstrated to have high
cycling stability under thermal moisture extraction operation®. The original version of the
manuscript showed stable cycling performance of our system with hydrogels and ultrasonic
extraction for three extraction cycles. To address the material stability during operation over a
longer time, we have conducted additional cyclic sorption-extraction experiments over the course
of 8-10 hr (see Figs. 6¢, S36, S37 and Supplementary Note 5). Each cycle included exposure of
the sorbent to air at 75% relative humidity for 1 hour, followed by 2 minutes of ultrasonic
extraction with 25% duty cycle. Our previous experiments indicated that the desorption rate (and
thus energy efficiency) declines after the initial few minutes of ultrasound actuation. To prevent
such efficiency degradation and to operate close to the optimum extraction conditions, we
implemented shorter 2-min desorption periods. These experiments allowed us to further reduce
the specific energy consumption to the level below the thermal limit, as illustrated in Figs. 6c,
S36, and S37. Furthermore, our data reveal that after 10 cycles, there was no noticeable
degradation in performance of multiple tested samples during either water uptake or desorption
periods. Please refer to the Supplementary Note 5 — Scaled-up AWH system performance
estimate at the bottom of this letter for the detailed description and the results of the cyclic
experiment.

The following text has been added to the manuscript:

The lowest energy consumption of 0.48 MJ/kg has been recorded for the extraction from the largest
34-mm-diameter sample, for which cyclic sorption-desorption testing over 10 hours has been
performed, with ten 1-hour-long sorption cycles run at 75% RH, separated by eleven 2-minute-
long extraction cycles. Fig. 6¢ shows the extracted water mass and energy efficiency for each
extraction cycle.
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Supplementary Notes added to the revised version of the manuscript

1.4. Supplementary Note 4 — Efficiency calculation of the device

The efficiency of the water release process, 7, was calculated as ° 1°:
h
n = ?l X 100%

where hy,, = 2.257 [M]/kg] is the enthalpy of vaporization of water and E [M]/kg] is the specific
energy consumption defined as the energy input (electrical, thermal, or a combination thereof,
depending on each individual system configuration) divided by the mass of water released from a
sorbent. In an ideal thermal process, all the heat provided to the system is used to evaporate water
i.e., E = hy,, where it is also considered that the enthalpy of desorption is identical to the enthalpy
of vaporization of water. Therefore, an ideal thermal process has 7 = 100%. In this work, we refer
to this ideal thermal process with = 100% as the thermal limit. In a real thermal water release
process, the heat provided is used not only evaporate water, but also to sensibly heat the system
and sorbent, and is partially lost to the ambient, leading to n < 100%.

For our experiments, the energy consumption (E) after the weight-loss experiment was calculated
using the following equation, where P is input energy, m is the output extracted weight or amount
of weight loss measured in g, and 1 Wh = 3.6 - 103 J:

£ [ﬂ] _ P _ Supplied power [M]]
kgl m m [kg]
V[V]-I[A] - Actuation time [h] - Duty cycle - 3.6 [ﬁ] =103
m[g]-1073

As an example, when we applied 5 V and 0.3 A at 70% duty cycle for 10 min (~0.17 hr) using our
piezoelectric actuator to desorb water from HG-M (Fig. 4E), the weight loss was measured to be
0.131+0.002 g. Then, the energy consumption per unit mass of water extracted can be calculated
as:

5[V] - 0.3[4] - 0.17 [A] - 0.7 - 3.6 [z - 10°

E M
B 0.13 [g] - 10-3

= 4.84 [@] =135 [E]

Then, the efficiency of the water release process, 7, can be calculated as:

. 2.25 [M]

n=—-x100% = X 100% = ~46.4%
E M]
4.84 @

Note that this is the device-level energy efficiency, which explicitly captures all the energy losses
during the extraction system operation. In the manuscript, we demonstrate that this efficiency
depends on the actuation time and decreases during longer actuation periods. Cycling testing of
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the system under different actuation periods revealed that short actuation times (2 minutes) yield
the highest extraction energy efficiency and even allow energy consumption lower than the thermal
limit.

We compared our results with the specific energy consumption E and moisture extraction energy
efficiency n data for several experimentally demonstrated atmospheric water harvesting systems’.
These values are summarized in Table S4, which is shown below. The table also shows the
estimates of the moisture extraction efficiency per unit mass per day. Note that, unlike the specific
energy consumption E and extracted water mass m, the daily values E; and m, are either measured
over a daily collection/extraction cycle or estimated by accounting the time needed to collect the
moisture from the atmosphere before it can be extracted. All the values in the table represent the
experimentally obtained system-level performance data in a daily harvesting cycle and, as such,
can be compared on equal footing.

Note that under the above standard definition of the efficiency (1) of AWH systems, an efficient
non-thermal extraction method can have a specific energy consumption lower than the enthalpy of
vaporization of water, h;,. In this case, the energy efficiency of the water release process can
exceed 100%. This is the case measured and reported in our manuscript, which we describe as
‘breaking the thermal limit.’

2.4. Supplementary Table 4. A summary of variables derived from different literatures to
derive specific energy consumption and the efficiency of the devices for water release
process in comparison to our devices.

Reference Water Energy Specific energy Efficiency

production  input consumption n

(kg/day) (kWh/day) (kWh/kg) (%)
LaPotin et al. ! 0.06 0.421 7.02 9.5
Hanikel et al. !! 0.41 10.79 26.32 24
Xuetal. 2 0.023 0.36 15.65 4.0
Shan et al. 1 0.311 3.475 11.17 5.6
Almassad et al. ' 0.72 12.456 17.3 3.6
This work for HG-M? 0.00013" 0.000175" 1.35 47
This work for HG-A® 0.00013" 0.000188" 1.44 43
This work for HG-A® 0.00014" 0.000188" 1.44 43
This work for HG-AY 0.00004" 0.000013" 0.31 200
This work for HG-A¢ 0.00007" 0.000038" 0.54 117
This work for HG-A 0.00094 0.000138 0.15 428.6
* Per cycle

2 After 10-min actuation cycle using a single device

b After 25-min actuation cycle using a single device

¢ After 10-min actuation cycles using an array made of three devices

4 After 2-min actuation cycle using a single device

¢ After 2-min actuation cycle using an array made of three devices

Measured over 11-hr period utilizing a large specimen and eleven 2-min actuation cycles (i.e., 22 min over 11hr)
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1.5. Supplementary Note 5 — Scaled-up AWH system performance estimate

To evaluate the daily water yield and energy efficiency of extraction for an AWH device scaled to
the 1-m? area, we implemented the simplest scale-up strategy, which assumes that multiple
identical actuators with hydrogel samples identical to those used in our study will be deployed in
the form of a 2D array with the total area of the sample surface equal to 1 m?. We further assume
that each actuator will be powered separately and the energy consumption per device will be the
same as measured in our experiments. This is likely not the most efficient way of scaling the system
up and would overestimate the daily energy consumption of the system and underestimate the
energy efficiency of extraction.

To illustrate the validity of the simple scaling-up approach, we first performed a test using three
identical actuators simultaneously (Fig. S34). Three hydrogel samples weighing about 2.6g, after
sorption at 75% relative humidity, were simultaneously stimulated by three piezoelectric ultrasonic
devices operating at a 25% duty cycle for 10-min. In all cases, the specimens exhibited a loss above
0.1 g. The measured specific energy consumption ranged from 1.9 to 2.1 MJ/kg after 2-min and
from 4.2 to 5.8 MJ/kg after 10-min actuation (Fig. S35), comparable to the same values measured
in a single-actuator device shown in Table S4.

3 piezoelectric devices

Piezo-hydrogel coupling
for actuation trials

Ultrasonic activation

PAM-LICI hydrogel

Figure S34: Desorption test of HG-A hydrogel specimens employing three individual piezoelectric
ultrasound devices together.

0.25 10 :
Hydrogel HG-A & 3-piezo Hydrogel HG-A & 3-piezo
ke \ []After 2 min P "= Wy After 2 min

60'20 (v ==& ' []After 10 min S 8r l/ == @@= ' [T]After 10 min

TN P =

2]

5 0.15F 3 devices é,, 6r 3 devnces

£0.10 S 4

2 2

0.05} oot
0.00 0
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Figure S35: Desorption behaviour of HG-A hydrogel (~2.6 g per specimen) under the actuation
of three individual piezoelectric ultrasound devices for 10 minutes at 25% duty cycle. The weight
loss (left) and corresponding energy consumption (right) of the specimens (~2.6 g per specimen) after 2
and 10 min, respectively.
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The daily yield of water from a 1-m? sorbent area [L/m?/day] has been calculated by extrapolating
the results of cyclic sorption-desorption testing of a single prototype device over 10 hours at 75%
RH. The piezo actuator has a surface area of 0.0002 m? (diameter = 16mm), and the sorbent has a
surface area of 0.0009 m? (diameter = 34 mm).

Fig. 6¢ shows the extracted water mass and energy efficiency for each extraction cycle (with ten
1-hour-long sorption cycles separated by eleven 2-minute-long extraction cycles). During each 2-
minute-long extraction cycle, energy consumption was recorded to be below the enthalpy of water
vaporization, thus yielding extraction efficiency in excess of 100%.

 Cumul. sorption ~1.3g
Cumul. desorption ~1g

Desorption (2 min)
Sorption (1 hr)

1 5 9 13 17 21
Water harvesting cycles

Figure 6¢: Water sorption and desorption cycles of a large HG-A sorbent (>16 mm diameter)
at 25% duty cycle.

To estimate the water yield per device per day, we first calculated the average sorption and
desorption rates by using the data shown in Fig. 6¢ and Fig. S36 (a). The average collection and
extraction rate is around 0.13 g/hr and 0.08 g/2min (Fig. 6¢ and S36a). The extraction rate exceeds
the collection rate by a factor of ~18.5, and during a 1-hr harvesting period, the sorbent collects
more water than can be extracted in 2 min. These data indicate that to maximize and balance both
the sorption and desorption processes over the course of one day, the system may be operated in
34 sorption-extraction cycles per 24 hours, each cycle comprised of about 40 minutes of collection
followed by 2 minutes of extraction (see Table S5). Under this operational scenario, all the
harvested moisture will be extracted with low energy expenditure, as it takes about 2 minutes to
extract the whole amount of moisture harvested over 40 minutes at 75%RH. For operation at RH
different than 75%, a different sorption-desorption cycle ratio may need to be implemented, to be
optimized separately for each RH level.

To extrapolate the water yield to a 1-m? sorbent area, this number was further scaled up from one
device having 0.0009-m? sorbent area to a l-m?-area array. The resulting average daily
productivity value has been predicted to be ~3.2 [L/m?day]. Note that with our approach,
harvesting can be done during both night and day (unlike the devices relying on solar-driven
evaporation). In turn, the device efficiency of 0.16 kWh/kg (0.576 MJ/kg) was calculated by using
the average mass extracted from each of two hydrogel specimens over eleven 2-min-long
extraction cycles (see Table S5).
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2.5. Supplementary Table 5. A summary of water harvesting cycles of larger HG-A (>16
mm diameter) sorbent.

HG-A HG-A Average

Specimen 1 Specimen 2 values
Collection per device per hour [g] 0.12 0.13 0.125
Collection per device per 40 minutes [g] 0.08 0.087 0.0835
Collection per device for 34 cycles [g] 2.77 2.96 2.865
Extraction per device per 2 min [g] 0.074 0.085 0.0795
Extraction per device for 34 cycles [g] 2.52 2.91 2.715
Collection per m? per day for 34 cycles [kg] 3.07 3.26 3.165
Extraction per m? per day for 34 cycles [kg] 2.77 3.19 2.98
Specific energy consumption [kWh/kg] 0.171 0.148 0.160

Fig. S36 (b) illustrates an alternative method of device operation, consisting of continuous
harvesting for 24 hours at 75%RH, followed by desorption involving 25 consecutive cycles of 2-
minute-long extractions over a total duration of 50 minutes (i.e., without a sorption period in
between the cycles), resulting in the desorption of 1g of water at an energy cost of 1.13 MJ/kg.
This energy expenditure is nearly a factor of two greater than the average energy cost observed
for the 2-minute-long extraction cycles depicted in Fig. S36 (a).

These methods together demonstrate the adaptability of our system, which is not constrained by
temporal limitations, unlike the solar-derived desorption mechanism that operates based on the
availability of sufficient or proper daylight hours at a slower desorption rate in comparison to our
system. We chose the lower-energy-expenditure approach illustrated in Fig. 6 (¢) to estimate the
daily yield and the cost of the harvested water.

a b
: 0.18 ——
Cumul. sorption ~1.22g ) Desorption (2 min/cycle)
Cumul. desorption ~0.8g had Cumul. desorption ~1g
S
5 0.12
il
=
@
(%)
Desorption (2 min) ‘g 0.06
Sorption (1 hr) a8
5
0.004 .
1 5 9 13 17 21 1 5 9 13 17 21 25
Water harvesting cycles Desorption cycles

Figure S36: Two distinct strategies for water extraction from a sorbent: ten 1-hr sorption cycles
separated by 2-min- extraction periods (a) and 25 cycles of subsequent 2-min extraction periods
(b). This shows the stability, repeatability, and energy efficiency of the proposed system using
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a large specimen (>16 mm diameter) for atmospheric water sorption and desorption with the
energy consumption below the thermal limit.

We conducted similar studies with smaller specimens (<16 mm diameter) and observed similar
cyclic stability and energy efficiency as shown in Fig. S37. It can be seen that in this case the
collection rate is much slower than the extraction rate, and during a 1-hr harvesting period, the
sorbent collects less water than can be extracted in 2 minutes of actuation (see Table S6). As such,
harvesting time imposes the upper limit on the daily water yield.

In this case, to balance the mass of harvested and extracted water over a 24-hour cycle, we assume
12 sorption-extraction cycles per 24 hours, each comprised of ~ 2 hours (118 min) of collection
followed by ~2-minutes of extraction. During 118 min of collection, slightly less water is absorbed
per device than can be extracted in 2 minutes, so we assume that each extraction period will be
slightly less than 2 minutes long. The average daily water yield per device at 75%RH is calculated
as the amount of water collected over twelve 118-min-long cycles. To extrapolate the water yield
to a 1 m? sorbent area, this number was further scaled up from one device area to 1 m?. The
resulting average daily productivity value has been predicted to be ~1.5 [L/m?/day], and the
average energy consumption - 0.411 kWh/kg (1.48 MJ/kg).
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Figure S37: Stability, repeatability, and energy efficiency of the proposed system using smaller
HG-A specimens (<16 mm diameter) for atmospheric water sorption and desorption with the

energy consumption below the enthalpy of water evaporation for both HG-A (a-¢, g) and HG-C
(d-f, h).
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2.6. Supplementary Table 6. A summary of water harvesting cycles of smaller HG-A (<16
mm diameter) sorbent.

HG-A HG-A Average

Specimen 1 Specimen 2 values
Collection per device per hour [g] 0.012 0.013 0.0127
Collection per device per 118 minutes [g] 0.024 0.026 0.025
Extraction per device per 2 minutes [g] 0.029 0.033 0.031
Collection per device per day [g] 0.289 0.31 0.3
Collection per m? per day [kg] 1.447 1.549 1.523
Specific energy consumption [kWh/kg] 0.426 0.396 0.411

1.6. Supplementary Note 6 — Structural integrity of hydrogel under ultrasonic extraction

To evaluate the structural integrity of the hydrogel and the extracted water quality after desorption,
the water extracted from LiCI-PAM hydrogels (HG-A) were filtered using a VWR(@ sterile
syringe filter, commonly employed for ICP-OES testing. In this experiment, three piezoelectric
devices were used to extract water from a ~5.92 g HG-A specimen at a duty cycle of 25-30% over
a duration of ~45 min. The setup and test were made and conducted within an enclosed petri dish,
respectively. Following desorption, ~0.21 ml of desorbed water was collected from the petri dish
lid and subsequently filtered using a VWR filter paper kit to examine for any traces of polymer
residue.

The initial dry weight of the filter paper kit was ~2.99 g, which increased to ~3.02 g after the
filtration of ~0.21 ml extracted water at 20% relative humidity, resulting in wetting the filter paper.
Following drying at room temperature, the weight of the filter paper returned to 2.99 g, with no
polymer residue detected. This provides the evidence that hydrogels remained intact following the
ultrasonic actuation process, and the extracted water is not contaminated by the polymer.

1.7. Supplementary Note 7 — Li content in the water extracted from LiCI-PAM hydrogels

We additionally analyzed Li content in the water extracted from LiCl-PAM hydrogels. There are
no regulatory thresholds for lithium either in the USA or globally, and EPA doesn't have a specific
health advisory for lithium in a drinking water '>!6, While typical therapeutic oral doses of Li are
as high as 600-1200 mg/day !7, Li may pose a potential concern for human health, and some
studies recommend to limit casual Li-ion intake to 3.1 mg per day!8. At the same time, recent
studies of of bottled water from dozens of countries revealed a wide range of Li content, from ~0
t0 9.9 mg/L 1617,

We conducted the inductively coupled plasma optical emission spectrometer (ICP-OES) elemental
analysis on the water desorbed from a LiCI-PAM hydrogel to test its quality. The resultant Li-ion
concentration varied between 1.5 and 15.2 ppm (or mg/L), see Supplementary Fig. S38.
However, the presence of Li ions plays no role in the energy efficiency of water extraction, and
our work demonstrates that our methodology is equally applicable to Li-free hydrogels such as
HG-M. Our future work will focus on the synthesis and testing of Li-free sorbents with high water
uptake to limit the risk of water contamination and to reduce the cost of the technology.
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Figure S38: Inductively coupled plasma optical emission spectrometry (ICP-OES) elemental
analysis of the lithium-ion content in extracted water after sorption at 20% RH.

1.8. Supplementary Note 8 — Contributions of mechanical actuation and heating of the
device

By modifying the technoeconomic feasibility study conducted by Zhong et al.!® on sorption-
based atmospheric water harvesting (SAWH) system, we carried out a preliminary
technoeconomic analysis of our system. Contrary to that study, we consider that the lifespan of
the material and device are distinct. In addition, we included the cost of supplied electric power
into cost of water production (Cost of water, in units of $/L), which is calculated as:

Cost of water = Capital expenditure (CAPEX) + Operational expenditure (OPEX)

((COSthydrogel " Phydrogel * Vhydrogel n COStdevice)

Thyd 1 Tdevi . ; ;
_ y rogeY_ ¥ ST~ + (Electricity cost - Energy intensity)
ie

(Eqn.S11)

Here,

Costhydrogel = cost of hydrogel-salt composite per kg of material in the dry state,

Phydrogel = density (2000 kg/m?)** of the hydrogel-salt composite in the dry state,

Vhydrogel = Anydrogel * Hhydrogel = volume of the hydrogel-salt composite in the dry state,
Apydrogel = 1 m? area of the hydrogel-salt composite, making cost per m* of our overall system,
Hpydrogel = typical hydrogel-salt composite thicknesses used in our device ~Imm (=0.001m),

Thydrogel = hydrogel lifetime in days (30-365 days), which is one of the variables of analysis,
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Costgevice = cost of the SAWH device excluding the sorbent cost,

Tgevice = lifetime of the piezoelectric PZT actuator (20-45 years), which is another variable 2!-22,
Yield or productivity = amount of water produced by day (L/m?/day),

Electricity cost = 0.17 $/kWh, electricity price based on US Bureau of Labor Statistics 23,

Energy intensity = supplied energy per liter of desorbed water, expressed in kWh/L

Table S7 summarizes all the costs of the hydrogel-salt composite ingredients and an actuator
unit as well as the energy cost of operating the actuator. With these data, we estimate the
Costhydrogel and CoStqeyice are 0.4-1.1 $/kg and 1111-2222 $/m* (based on a single device used
for a gel with 34 mm diameter), respectively.

2.7. Supplementary Table 7. Parameters used in estimating the cost of water production.

Component Amount used Price Ref.
Lithium chloride * 0.8 kg 0.1-1 $/kg 2
Acrylamide 0.2 kg 1.6 $/kg =
Ammonium persulfate 0.68¢ 0.61 $/kg 26
N,N’-methylenebisacrylamide 24¢ 1 $/kg 2
N,N,N’,N'-tetramethylethylendiamin ~ 0.57 mL or 0.44 g 28 10 $/kg 2
Ultrasonic system * 1 unit 1-2 $/unit 30
Electricity cost ** 0.00025 kWh 0.0002 $/10min 31

* The price fluctuated during the study duration

** Estimated for a single unit

The daily yield of water of 3.2 kg/m?/day has been estimated from the results of the cyclic
sorption/extraction experiment as detailed in Supplementary note 5 above. CAPEX, OPEX, and
cost of water were then estimated to be 0.05-0.09 $/L, 0.1 $/L, and 0.19 $/L (Fig. S39) assuming
the device lifespan of 25 years and hydrogel lifespan of 30 days (Fig. S40). Based on a
worldwide survey conducted on 2023, the cost of a fresh bottled water, ranges between 0.23 and

1.35 $/L around the globe as shown in Fig. S39, and thereby, estimated to have an average price
0f 0.79 $/L (data taken from 32).
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1.9. Supplementary Note 9 — Contributions of mechanical actuation and heating of the device

a b
Input power 300 mW
Signal
analyzer
v®A
(@)
'u"\-"\"\'
DC * Resistor I Electrical storage (283.4 mW)
— PCB I Dielectric heat loss (5.8 mW)
power —— Device I Mechanical actuation (8.1 mW)
\ | P Mechanical and internal loss (2.7 mW)
i

Figure S41. Circuit diagram (a) used to characterize the input power fed to the piezoelectric
transducer and a rough estimate of the power breakdown spent on thermal and mechanical
actuation (b).

With the hardware configuration shown in the circuit diagram in Fig. S41 (a), we measured that
approximately 300 mW of the supplied 1.5W DC power enters the piezoelectric ultrasound device.
Based on our estimated effective coupling coefficient for the PZT device, the actuator efficiency
(n,) — that is, the ratio of electrical energy consumed to the mechanical energy produced — is
Ng = kgff = 3.6%. In the case of perfect coupling (i.e., n, = 100%), the mechanical loss
tangent, tan ¢, would have been 1/Q = 1/32 = 3.1% (where Q is the quality factor of PZT-
5H ceramic), and 3.1% of the input power would be lost as heat**34. Since the actual coupling
efficiency is only 3.6%, the actual heat losses are 3.1% of 3.6% plus another portion of the 3.6%
associated with work done by the PZT. We assume that the combination of the work done on the
hydrogel by the PZT system during its contraction and expansion and the internal mechanical
losses of the PZT material itself comprise roughly 25% of the mechanical energy, which is lost as
heat, i.e., 25% of 3.6% (i.e., 0.9% of 300 = 2.7 mW). The remaining energy is attributed to
mechanical storage, calculated as 2.7% (=3.6% - 0.9%) of 300 mW, which is equal to 8.1 mW.

As piezoelectric devices are essentially capacitors, the bulk of the delivered electrical energy is
stored energy, which ultimately returns to the power source. The power delivered to the
piezoelectric capacitor is about 96.4% (=100% - 3.6%) of the 300 mW input power, which is 291
mW. The dielectric loss tangent, tand., for PZT-5H piezoelectric ceramics is about 2%, and the
lost power is dissipated as heat, generating about 5.8mW, i.e., 2% of 291 mW. Hence, the
combined mechanical and dielectric power loss to heat is therefore about 5.8 mW + 2.7 mW =
8.5 mW when the actuator is driven at its resonant frequency.

In summary, we estimate the energy consumption to be roughly equally divided between the
mechanical actuation and heating, with individual contributions measuring 8.1 mW (49%) and 8.5
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mW (51%), respectively, while 283.4 mW were returned to the power source (Fig. S41b). Due to
the complexity of quantifying the dynamic interaction between the ceramic, the metallic
membrane, and the hydrogel during actuation we offer this relatively simplistic analysis to quantify
the individual contributions of work, mechanical losses, and dielectric losses. Future work will
aim to develop a more comprehensive model to decouple the different effects of heat and vibration
on different actuators and sorbents.
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We are grateful for the constructive comments from the reviewer on our manuscript. The
reviewer’s comments are in blue, with our responses for each specific comment below. The text
that has been added to the revised manuscript is colored red. To properly address the comments
from Reviewer #4, we added several new Supplementary Notes to the revised version of the
manuscript. These notes are included in this letter and are referenced in our responses below.

Reviewer #4:

I have carefully reviewed the manuscript by Shuvo and Boriskina et al. before considering the
comments and suggestions raised by the other reviewers in the previous review cycle. This work
does report an interesting phenomenon in the field of atmospheric water harvesting (AWH) that
water can be extracted from a hydrogel by using an ultrasonic actuator. The authors convincingly
demonstrated that they are attempting to address one of the major challenges in the field: the
optimization of energy consumption for sorbent regeneration and freshwater production.
However, I also have similar concerns to other reviewers in terms of energy consumption and
calculations, water qualities, scalabilities, etc., even though with the resubmitted manuscript.

(1) It is known that the thermally-driven sorbent regeneration and freshwater production systems
can make direct use of low-grade energy, such as waste heat, or thermal energy converted from
solar energy. The ultrasonic water extraction reported in this work relies entirely on electricity, a


mailto:sborisk@mit.edu

high-grade secondary energy and substantial energy losses occur during electricity generation.
For example, commercial PV modules normally converts only ~15-20% of incident energy in
practice while thermal power plant converts approximately 30-40% of energy from burning
fossil fuels. If these upstream losses are counted, the ultrasonic route suffers a three- to five- fold
increases in primary energy demand and a correspondingly larger carbon footprint.

We thank the reviewer for raising this important point. Indeed, thermal power plants convert
approximately 30-40% of energy from burning fossil fuels, because they operate at high
temperatures. In contrast, the efficiency of solar-thermal energy conversion is typically much
lower because of energy loss through thermal re-radiation and entropy generation during the
photon absorption-emission process'. The efficiency can be increased by increasing operating
temperatures, which however requires the use of solar concentrators and highly frequency-
selective absorbers. Not only this increases the installation capital costs, but also such high
temperatures may damage the sorbents and create local heat islands around the AWH devices.
We have included a new Supplementary Note 11, which discusses in detail the origin of the low
efficiency of the solar-thermal energy conversion process.

There are additional arguments for the use of a PV cell to convert and store solar energy to power
an outdoor AWH system (even if ultrasonic extraction is not used). The daily water yield per land
area can be maximized by designing vertically-oriented systems*® integrated with ultrasonic
actuators (or PV-powered Joule heaters) for extraction, and by optimizing the sorption-
desorption cycle duration to operate around the clock. Other auxiliary devices can be powered by
the PV-generated electricity, including sensors to monitor environmental conditions and fans to
promote air convection to improve vapor diffusion*®. Finally, AWH systems with vibrational
extraction can be designed to run autonomously, avoiding manual batch-drying process’ and
adapting their sorption/extraction cycles to varying environmental conditions.

The above paragraph has been added to the Discussion section of the revised manuscript.

1.10 Supplementary note 11

This note discusses the efficiency of the process of solar-thermal energy conversion.
Supplementary Fig. S40a illustrates a schematic of a solar absorber modeled as an ideal thermal
engine. The energy is delivered to the engine via solar radiation and the entropy is transferred to
the environmental heat sink via heat conduction. The absorber heats up to a steady-state
temperature T4, and emits photons back to the environment in the form of incoherent thermal
radiation. A general expression for the efficiency of this engine takes the following form:
w 1
Ns—t = I_ = I_ (Is - [IA(TA) +Tq [SS(TS) — S4(Ty) + Sg]])
s s

Here, Is and Sg are the solar energy flux and the corresponding entropy flux, respectively. Ts =
5779 K 1is the Sun's effective emission temperature. T, is the temperature of the solar absorber



emitting energy flux I, and the corresponding entropy flux S4. For the blackbody thermal emission

process, I, = 0T, and S, = gan, where ¢ is the Boltzmann constant.

The entropy flux of thermal radiation S, is calculated via integration over photon energy and
direction of light propagation, and deviates from the conventional definition of the entropy for

thermal processes driven by heat conduction, which would result in the expression S = % =oT3.

While the Sun is a blackbody, angular and spectral filtering of solar radiation arriving to the Earth
4 -QO Cos 90

surface reduces its entropy dramatically, to Sg = 3

of solar zenith angle cos 8y is 0.25, and the solar solid angle is Q, = 6.77 - 1075 sr.

oT3, where the global averaged cosine

Entropy generated in the process of solar energy absorption in a blackbody absorber and partial
re-emission back to the environment in the form of thermal emission can be calculated as follows:

1 41 11,

S =15 (7 ~37) * 31,

A s A

This combination of energy loss through thermal re-radiation and entropy generation during the

photon absorption-emission process significantly restricts the maximum efficiency of the solar-

thermal energy conversion. For comparison, /s can reach 1,000 W/m? on a clear day at solar noon

and is lower in the presence of clouds or during early/late hours of the day. In turn, the energy flux

emitted by a blackbody absorber at 60°C (which is a typical temperature used for sorbent

regeneration) is approximately 687.6 W/m?. As a result, the solar-thermal energy conversion

efficiency reaches a limit of only ~15% for a blackbody absorber illuminated by sunlight without
concentrating optics (i.e., under one sun illumination)!?, see Supplementary Fig. S40b.

Solar concentration using external lenses or reflectors can increase the absorber temperature by
focusing sunlight and increasing the solar energy flux per surface area (Supplementary Fig.
S40c). This results in the increased efficiency of soler-thermal energy conversion (Supplementary
Fig. S40b), but requires installation of additional components, such as solar concentrators and
trackers, increasing the system cost and footprint.

To suppress re-emission losses, solar absorbers with a stepwise emittance spectrum can be
engineered®!2, which exhibit high absorptance across most of the solar spectrum, and zero
emittance at lower frequencies overlapping with the thermal emission spectra. As illustrated in
Supplementary Figs. S40b,c, an absorber with 90% solar absorptance and 10% infrared emittance
can increase the maximum possible efficiency of the solar energy conversion. Note that due to the
presence of atmospheric absorption bands in the solar spectrum, the equilibrium temperature does
not vary smoothly with the solar concentration, as evidenced by the kinks in Supplementary Fig.
S40c!3. However, water has very high infrared emittance!4, making this strategy inapplicable to
engineering AWH sorbents.

For comparison, as illustrated in Supplementary Fig. S40a, the PV conversion efficiency of solar
energy to electricity reaches about 20-25% for a single-junction commercial PV cell under 1-sun
unconcentrated sunlight illumination!>-'°, Tt can be further increased if multiple-junction PV cells



are used under concentrated sunlight, and the energy can be either used immediately or stored for
use during nighttime.
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Supplementary Figure S40. (a) A schematic of a solar-thermal energy converter with the energy and
entropy fluxes illustrated. (b) The limiting efficiency of solar thermal energy converters with a blackbody
(black solid line) and a spectrally selective (red solid line) absorber as a function of solar concentration.
The converted are assumed to operate at the Carnot efficiency. For spectrally selective absorbers, the
transition frequency between high and low solar/infrared emittance levels (labeled as ratios o/g) is
optimized for each concentration ratio. b. The corresponding equilibrium temperature of the solar-thermal
absorbers with the optimized spectral transition point between high and low emittance levels as a function
of solar concentration. Blue markers on panel (a) represent energy efficiency of PV cells '>~1°. Solid markers
represent theoretical predictions (squares: a single-junction cell, circles: a dual-junction cell, triangles: a

triple junction cell). Hollow markers correspond to the experimental data (circles: dual-junction, triangles:
triple junction cells).

(2) The daily freshwater yield of the ultrasonic approach is projected at around 3.2 L m2 day*;
by contrast, the state-of-the-art solar-thermal systems already deliver much higher productivity,
for example, 3.65 L/m2/day (Energy Environ. Sci., 2024, 17, 4988-5001), 3.5-8.9 L/m2/day
(Nat. Commun. 2024, 15, 7678), 5.02 L/m2/day (Adv. Funct. Mater. 2025, 2501163), etc., by

using only solar energy. It is premature to conclude that ultrasonic-driven process outperforms its
thermal-based counterparts.

The daily yield of any AWH system is limited by both the sorption and desorption rates. Our
research shows that by using ultrasound desorption mechanism, the total daily yield is almost
entirely constrained by the sorption rate of the used sorbent. The well-studied PAM-LiCl
hydrogel used in this work adsorbs the same amount of moisture from air with 75% RH in 40
minutes as can be extracted by piezo actuation in 2 minutes.

The daily yield value of 3.25 L m™ day ' was [very conservatively] estimated under these
assumptions:



- multiple identical actuators with hydrogel samples identical to those used in our study are
deployed in the form of a 2D horizontal array with the total area of the sample surface
equal to 1 m?

- each actuator is powered separately and the energy consumption per device is the same as
measured in our experiments

It should be emphasized that ultrasonic extraction does not require exposing sorbent surface to
sunlight. Accordingly, AWH devices can be stacked vertically on top of each other with no
limitation in principle to the number of vertical rows. Adding more 2D device arrays by stacking
them vertically will increase the yield by 3.25 L day ' per each row without increasing the
installation horizontal footprint. For instance, using an installation with 5 vertical rows of
devices, the productivity of our system can be increased fivefold to 16.25 L day! per m? of
horizontal footprint. Figure 6d and Supplementary Table 7 compare the estimated productivity
of our system with those of previously reported AWH materials and systems. Replacing PAM-
LiCI hydrogels with sorbents exhibiting higher sorption rate (such as e.g. a hygroscopic
interconnected porous gel?) can further increase daily yield.

Vertical stacking or vertical arrangement of sorbents have already been used in the state-of-the-
art AWH systems with thermal extraction to increase per-m? yield*>2%%!, However, except for the
vertically oriented sorbent setup employing integrated Joule heaters®, such installations require
either manual batch processing of sorbent layers, or conveyor-belt-like rotating sorbents to
achieve solar exposure for thermal extraction.

We included the above two paragraphs to the discussion section and added a new panel to Figure
6 (Fig. 6d) to compare the estimated productivity of our system to the state-of-the art results
(both, in units of L m™2 day' and L kg™! day™"). The data plotted in Fig. 6d are summarized in a
new Supplementary Table 7.
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Figure 6d: Predicted water productivity compared to the results of prior studies (sorbent
layers stacked vertically in multiple rows with a 1 m? horizontal footprint).



2.7. Supplementary Table 7. Comparison of water productivity among different studies.

AWH per AWH per .
SI | RH% sorbeFr)1t area ’ Reference Watgr haryestmg
(L kg day™) (L m day™) configuration

A |80 0.09 2.8 2 Single rectangular liquid
sorbent bed of [EMIM][Ac]

B |70-90 0.22 2.25 2 Rolled-up 4-pcs of ACF-CaClz
sorbent bed

C |<20 0.07 0.35 24 Single MOF-801 sorbent bed

D |57-68 0.12 0.7 2 Vertically stacked 2-pcs of
AQSOA 701 zeolite bed

E 10-40 0.25 0.34 26 Single rectangular MOF-801
sorbent bed

F |30 0.45 0.4 27 Single circular pot of
LiICl@MIL-101(Cr)

G |10 0.7 0.43 5 A modular MOF-303
exchanger cartridge

H |60 0.83 1.02 2 A rotational cylinder loaded
with LiCl capsule sorbent

| 40-70 1.05 0.7 %0 Batchwise continuous
production using a sorbent
bed made of LiCI@rGO-SA

J 50 0.47 3.7 20 Vertically organized 5 sorbent
beds made of LiCI@rGO-SA
working in batches

K |57 4.05 8.9 # Vertically rotatable sorbent
bed made of salt-based HIPG
powered by wind at >1 m/s

1R | 75 0.73 3.25 This work One 1-m?-area row of devices

2R | 75 0.73 6.5 This work Two 1-m2-area rows of
devices

3R | 75 0.73 9.75 This work Three 1-m?-area rows of
devices

4R | 75 0.73 13.0 This work Four 1-m?-area rows of
devices

SR 75 0.73 16.25 This work Five 1-m?-area rows of
devices




(3) Another critical question is whether AWH remains advantageous when scaled to grid-
connected systems. At a relative humidity of 75 %, a level the experiment of this work carried
out for freshwater productivity prediction, AWH can indeed produce water. However, the
availability of grid electricity removes the energy constraint that AWH is designed to circumvent.
Under such conditions, conventional condensation technologies (e.g., dehumidifiers) are likely to
deliver significantly higher water yields and should be evaluated as the more favorable option
than the ultrasonic approach.

Conventional condensation technologies use a dewing process, which cools air to its dewing point
and then condenses it. At wy = 75% RH and T, = 25°C, the minimum energy required for the
ideal dewing process is 0.58 MJ/kg (0.16 kWh/kg), see a new Supplementary Note 6 below.

Our work yielded an experimentally measured device-level energy intensity as low as 0.324
MJ/kg (0.09 kWh/kg, first cycle in Fig. 6b), with an average over multiple cycles of 0.15
kWh/kg at 75% RH, Fig. 6a.

On a separate note, even small-scale dehumidifiers produce a lot of noise *.

1.6 Supplementary Note 6 — Ideal limit of moisture extraction from air by dewing

The minimum energy intensity per unit mass of water % required for dewing can be calculated as
w

follows:
Qin | L(c . - h.,| COP~1
- [(Ui (Cp,alr + wOCp,v)(TO Tr) + fg] )

myy,

where w, is the ambient humidity, ¢, 4; and ¢, , are the specific heat capacity of air and vapor,
respectively, T, is the dewpoint temperature, and hy4 is the enthalpy of vaporization of water at

Ty, equivalent to the latent heat removed during condensation. The term wi (Cpair + WiCp)(Ty —

T,.) represents the sensible heat removed from the air and moisture to cool it down to the dew point

temperature. COP is the coefficient of performance of the refrigerator used to remove heat. For an
Ty

To—Ty

At wy = 75% RH and T, = 25°C, the minimum energy required for dewing is 0.58 MJ/kg (0.16

kWh/kg). This is an ideal limit (corresponding to COP = 4.32).

ideal refrigerator, COP =

Actual dehumidifying systems typically operate at COP values between 3 and 4, which will
increase the energy intensity to 0.23 kWh/kg or 0.173kWh/kg, respectively. As an example, whole-
home dehumidifiers with a volume of 8.0 ft* or less are certified by the U.S. Department of Energy
(DOE) to be ENERGY STAR-level efficient if they operate at 0.48 kWh/kg energy intensity (i.e.,
have an Integrated Energy Factor IEF=2.09 L/kWh). Dehumidifiers with a volume over 8.0 ft* are
certified as ENERGY STAR-level efficient if they operate at 0.303 kWh/kg energy intensity
(IEF=3.3 L/’kWh).



(4) The measured energy demand falls below the latent-heat limit, implying that water is released
as clusters or micro-droplets rather than as pure vapor. This mechanism can entrain salt ions and
polymer fragments—ranging from nano- to micro-scale—during extraction. Such particles are
invisible to routine analytical methods yet still pose potential health risks. Consistent with this
picture, the collected water contains 1.5-15.2 ppm of lithium ions, confirming that lithium
chloride was carried out of the sorbent together with the harvested water.

We tested the collected water for both presence of salt ions and any polymer residue. During this
second round of revisions, we realized that we forgot to include a reference from the main text to
Supplementary Note 8, which has been added during the first round of revisions. The note is
included below. We also added the following text to the discussion section of the revised
manuscript.

Scaling up this new extraction technology will necessitate further research into ultrasound-
induced degradation of various sorbent materials. The robustness, cyclic stability, and efficacy
for long term water harvesting capability of PAM-LiCl HG-A hydrogel composites have been
previously demonstrated in numerous works®*-33, Our initial lab-scale testing confirms that these
sorbents maintain structural integrity after multiple piezo actuation cycles, as evidenced by
absence of any traces of polymer residue in collected water filtered by a VWR filter paper (see
Supplementary Notes 5,8). Our observations and spectroscopic analyses (Supplementary Fig.
S26) also agree with prior independent studies of polymers and hydrogels subjected to piezo
actuation, which have demonstrated resilience to vibrational deformations3%37 and self-healing
performance.®® Similarly, in this work, we did not observe any material degradation or
performance loss of either HG-A or HG-M hydrogels during multiple actuation cycles (Figs.
6a,b and Supplementary Figs. S28 and S35). Degradation resistance of other sorbents will need
to be evaluated separately. Some may prove incompatible with this method of extraction, others
may need to be re-engineered to improve their mechanical properties so they can withstand
vibrational forces over many regeneration cycles.

It should also be noted that a traditional photothermal method of moisture extraction from
sorbents also causes their accelerated degradation. For example, solar radiation causes rapid UV-
triggered photooxidative degradation of polymers via chain scission and formation of free
radicals, 3%4° which for some polymers is further accelerated in the presence of moisture and at
higher temperatures.**~** Prior studies demonstrated that 368 nm UV irradiation can effectively
degrade hydrogels**. Likewise, MOFs may also deteriorate under UV and sunshine exposure

45, Even when the sorbents themselves are not directly exposed to sunlight during the moisture
extraction process, long exposure of solar absorbers and constructional elements of the AWH
system to sunlight, high temperatures, and moisture accelerate their ageing. Long-term studies of
sorbent degradation under various stimuli (sunlight, moisture swings, temperature swings, and
ultrasound signals) will need to be done for any sorbent considered for outdoor AWH operation
to evaluate their lifetimes under different operational scenarios in real-life applications.

As we mention in the discussion and Supplementary Notes, there are no health recommendations
on the Li dose that is safe for human consumption. While some studies suggest the dose should
be limited to below 3.1 mg per day*é, other recent publications revel the important role Li plays
in preventing Alzheimer’s disease and recommend routine usage of Li salts to prevent Li



deficiency*’. As shown in Supplementary Fig. S.38, an average Li content in the water
extracted over several cycles was ~6 mg/L, which is within the range of Li content present in
bottled water from dozens of countries, previously measured to range from ~0 to 9.9 mg/L 4849,

It is important to emphasize that the new extraction methodology is equally applicable to Li-free
hydrogels (such as e.g. HG-M gels shown in this work) and is expected to be fully compatible
with other previously demonstrated sorbents that do not contain salts.

1.8. Supplementary Note 8 — Structural integrity of hydrogel under ultrasonic extraction

To evaluate the structural integrity of the hydrogel and the extracted water quality after
desorption, the water extracted from LiCl-PAM hydrogels (HG-A) were filtered using a VWR@
sterile syringe filter, commonly employed for ICP-OES testing. In this experiment, three
piezoelectric devices were used to extract water from a ~5.92 g HG-A specimen at a duty cycle
of 25-30% over a duration of ~45 min. The setup and test were made and conducted within an
enclosed petri dish, respectively. Following desorption, ~0.21 ml of desorbed water was
collected from the petri dish lid and subsequently filtered using a VWR filter paper kit to
examine for any traces of polymer residue.

The initial dry weight of the filter paper kit was ~2.99 g, which increased to ~3.02 g after the
filtration of ~0.21 ml extracted water at 20% relative humidity, resulting in wetting the filter
paper. Following drying at room temperature, the weight of the filter paper returned to 2.99 g,
with no polymer residue detected. This provides the evidence that hydrogels remained intact
following the ultrasonic actuation process, and the extracted water is not contaminated by the
polymer.

(5) The long-term stability could be a major challenge in this actuator-hydrogel-based AWH
system. Lithium chloride aggressively corrodes most metals, threatening ultrasonic device
integrity, so the claimed 25-year service life is almost certainly an overestimate. Equally
uncertain is the hydrogel itself: its mechanical strength, degree of polymerization, and resistance
to cyclic swelling must be monitored over thousands of operating cycles. The current durability
test, only a 25-30 % duty cycle over 45 min, falls far short of demonstrating a 30-day lifespan.
These unresolved reliability issues also cast doubt on the projected cost target of $0.19 L™

Supplementary Fig. 37a illustrates that — owing to the low cost of hydrogel — its lifespan does
not have a noticeable effect on the water costs. Furthermore, Supplementary Fig. 37b shows the
estimated water costs as a function of the device lifespan in the range from 1 to 45 years. The
provided detailed formula and all the variables used in this analysis can be used by the readers to
re-evaluate the predicted water cost under different assumptions about the device lifespan and
energy costs at a specific location.

We agree with the reviewer in general that long-term stability and performance of any new AWH
installation using ultrasound extraction will need to be evaluated separately by performing long-



term testing in the field. The goal of this manuscript is to introduce a new highly-energy efficient
method of moisture extraction, which will inspire further studies and device optimization. To not
dilute this message, we included a techno-economic analysis into a Supplementary Note only.
This analysis was added by the request from several original reviewers and is explicitly referred
to as a “Preliminary” to avoid making any strong claims.

As mentioned above, the robustness, cyclic stability, and efficacy for long term water harvesting
capability of PAM-LiCl HG-A hydrogel composites have been previously demonstrated in
numerous works**—3>, Similarly, in this work, we did not observe any material degradation or
performance loss of either HG-A or HG-M hydrogels during multiple actuation cycles (Figs.
6a,b and Supplementary Figs. S28 and S35).

The manufacturer-indicated lifespan of piezoelectric actuators used in this study>? is 45 years. In
prior studies, the NASA Jet Propulsion Laboratory conducted life testing on commercial
piezoelectric PZT actuators, pre-stressed to 18 MPa, for up to 100 billion cycles over 580 days,
revealing no discernible damage or substantial performance decline®!. Several strategies can be
additionally implemented to preserve long lifespans of actuators used in AWH systems. A
waterproof silicon-based membrane may replace the metal membrane in the actuator used in this
study, maintaining a comparable displacement and velocity profile >2. Silicon coating over metallic
or other corrosion-prone elements can be used to enhance corrosion resistance®®. Alternatively,
corrosion-resistant ultrasonic transducers can be used, e.g., those based on monocrystal fibers 3+
or on hydrophobic polymers such as polyvinylidene fluoride (PVDF)?S.

Finally, as already mentioned above, the new extraction methodology is equally applicable to Li-

free hydrogels (such as e.g. HG-M gels shown in this work) and is expected to be fully
compatible with other previously demonstrated sorbents that do not contain salts.

The above paragraphs have been included into the discussion section.

1.6. Supplementary Note 6 — Structural integrity of hydrogel under ultrasonic extraction

To evaluate the structural integrity of the hydrogel and the extracted water quality after
desorption, the water extracted from LiCl-PAM hydrogels (HG-A) were filtered using a VWR@
sterile syringe filter, commonly employed for ICP-OES testing. In this experiment, three
piezoelectric devices were used to extract water from a ~5.92 g HG-A specimen at a duty cycle
of 25-30% over a duration of ~45 min. The setup and test were made and conducted within an
enclosed petri dish, respectively. Following desorption, ~0.21 ml of desorbed water was
collected from the petri dish lid and subsequently filtered using a VWR filter paper kit to
examine for any traces of polymer residue.

The initial dry weight of the filter paper kit was ~2.99 g, which increased to ~3.02 g after the
filtration of ~0.21 ml extracted water at 20% relative humidity, resulting in wetting the filter
paper. Following drying at room temperature, the weight of the filter paper returned to 2.99 g,
with no polymer residue detected. This provides the evidence that hydrogels remained intact

10



following the ultrasonic actuation process, and the extracted water is not contaminated by the
polymer.

(6) Noise pollution represents an additional, often-overlooked challenge, particularly for scaled-
up arrays capable of meeting an adult’s daily water requirement. A single ultrasonic actuator
poses little risk to human health, yet hundreds operating in close proximity can create an
ultrasound level that may compromise comfort and well-being; this collective impact must be
explicitly evaluated and mitigated.

We illustrated in Supplementary Figure S24 that there is no ultrasonic noise when AWH
sorbents are fully utilized. The acoustic wave is fully absorbed by the hydrogel layer, and its
energy is used to extract moisture and heat the sorbent.
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