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Solar desiccant driven atmospheric water capture can provide access to drinking water off the 
water- and energy- grids. Sunlight-driven direct atmospheric water capture using nano-enabled 
photothermal desiccants can be applied in semi-arid and humid climates to produce >2 L 
H2O/m2/day. Nanomaterials provide surface heating of the desiccants to desorb water vapor. 
Nano-enabled photothermal desiccants produce more water than traditional desiccants.
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Abstract

Atmospheric water capture (AWC) is an alternative method of localized water production 

whereby water vapor is removed from air to produce drinking water. The most advantageous 

AWC applications are for developing solar energy driven, off-grid water sources. Solid phase 

silica gel (SiO2) desiccant materials can adsorb and concentrate water vapor in many relative 

humidity (RH) (20–100%) and temperature (20–40°C) conditions. Generating sufficient solar 

thermal heat to release of all the sorbed water vapor from the desiccant bed can take many hours 

of sunlight, which limits the AWC system to just one adsorption-desorption-condensation cycle 

per day. In this work, we applied solar-light active photothermal nanomaterials (gold cubes and 

rods, carbon black) on SiO2 desiccant surfaces with the aim of providing localized heat sources, 

thereby rapidly increasing desiccant surface temperature, improving kinetics and totality of water 

vapor desorption, and allowing additional AWC cycles per day. Desiccants were tested for 

adsorption at 40%, 60%, and 80% RH and desorption under 1-Sun simulated solar irradiation. In 

the optimal use-case scenario, 5wt% carbon black coated SiO2 could cycle through >10 

adsorption-desorption phases per day to produce 0.47 gH2O/g desiccant/12 hours (2 L/m2) at 

40% RH. By innovating material and AWC system design to operate over multiple atmospheric 

water harvesting cycles per day, we showed that nano-enabled photothermal desiccants can be 

applied in semi-arid climates to produce 10-fold more water than one standard cycle using a bare 

SiO2 desiccant.

Keywords

Atmospheric water harvesting, decentralized, thermal regeneration
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Introduction

Removing pollutants and salts from conventional (e.g., lakes, rivers, groundwater) or 

unconventional water supplies (e.g., oceans, brackish groundwater, wastewater, stormwater) and 

distributing clean water within rural or decentralized communities can be energy intensive, 

costly, and produce large amounts of waste residual.1–7 Atmospheric water capture (AWC) is an 

emerging method of decentralized water production whereby very low salt content water is 

removed from air without producing concentrated waste streams. As a hydrologic reservoir, the 

atmosphere contains 12,900 km3 of water, ~14% of the freshwater volume stored in lakes and 

rivers combined.8 Its universal presence suggests that atmospheric water vapor could be used in 

many locations. Among the most interesting AWC applications is to enable an off-grid water 

source (i.e., away from both the municipal water and electricity grids) for use in rural homes, 

mobile military outposts, or in disaster relief scenarios where the cost or time to build fixed 

infrastructure is a major barrier. 

Devices that harvest water from the air can be grouped as: 1) dew collectors, 2) dew point 

condensation dehumidifiers, and 3) relative humidity (RH) capture by adsorption-desorption 

cycling (i.e., desiccants).9,10 Dew collection is only relevant for fully-saturated air such as fog, 

where RH is >100%.11–16 Dehumidifying condensation systems often utilize electrically-powered 

compressors that use refrigerants to directly cool humid air to below the dew point temperature. 

This process is only effective for higher RH (at least >30–40%) and is energy intensive (0.5–2 

kWh / L water produced). 10,17–24

Desiccant-based AWC can use liquid desiccants (e.g., CaCl2), solid desiccants (e.g., silica 

gel, zeolites, metal organic frameworks (MOFs)), or super moisture-adsorbent gels (SMAGs) to 

capture water vapor from the air.25–27 The quantity of water captured by desiccant-based AWC is 
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a function of RH, wherein the vapor pressure differential between the air and the desiccant 

surface acts as a driving force for sorption.26 Heat is applied to drive desorption of vapor from 

the desiccant onto a cool surface where clean water condenses and can be collected. Many 

designs exist to operate desiccants in continuous flow modes (e.g., packed bed, fluidized bed), 

and water is collected using a simple heat exchanger.28–37

Liquid desiccants react with water vapor to form a complexed hydrate (e.g., CaCl2·H2O) 

that continues to absorb water and produces saturated salt solutions. Eventually the salt and 

water must be separated by heat to obtain fresh water and regenerate the desiccant for reuse.34,38 

Liquid desiccants can produce large water volumes (up to 2 g H2O/ g desiccant), but the AWC 

process requires three phase changes: from water vapor to liquid salt, to saturated water vapor, to 

re-condensed and low-salt liquid water. In contrast, solid desiccant systems only undergo one 

phase change. First, water vapor adsorbs to solid desiccants; it does not change state on the 

surface.39 Second, nearly-saturated water vapor desorbs from the desiccant using heat. Third, 

liquid water is condensed from the high RH air on a cool surface. Because dew collectors and 

dew point condensation are ineffective in many climates,40–42 and because of the complexity and 

multiple state changes required for salt-based desiccants, this work focused on solid desiccants 

for AWC. 

Desiccant-based AWC systems often operate by adsorbing water vapor at night, when 

RH is high,43 and utilize solar heating during the day to desorb vapor and condense it to produce 

drinkable water.40,41,44–46 Solar heat is a free, off-grid energy source. Existing literature focuses 

on materials that achieve high water vapor adsorption capacity (e.g., 1.2 g H2O / g MOF 

MIL101(Cr) at 80% RH 47–49). Less attention has been given to the energy and rate of water 

vapor desorption, which can limit the overall water production capacity of AWC systems that 
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rely on solar heating. The temperature required to heat the desiccants for desorption (>90°C for 

SiO2, >150°C for zeolite, >85°C for MOFs) limits AWC. Generating sufficient solar thermal 

heat to release all the sorbed water vapor from the desiccant bed can take many hours of sunlight, 

which limits the AWC system to just one adsorption-desorption-condensation cycle per day. 

Thus, in systems with large masses of super-efficient water sorption capacities (e.g., >1g water / 

g sorbent), solar heating may limit the potential of AWC systems. 

Given that available solar thermal energy is a limiting factor, there is a need to develop 

novel desiccant materials that either require less thermal heat input or can maximize the available 

solar thermal energy to achieve complete desorption. Broad-wavelength light-absorbing 

photothermal nanomaterials convert photons from incident solar radiation into localized heat. 

Photothermal nanoparticles such as gold and carbon black have been applied to heat membranes 

in nanophotonics-enabled solar membrane distillation50 and inactivate microbes in solution and 

on surfaces.51 In this work, we applied solar-light active photothermal nanomaterials (gold cubes 

and rods, carbon black) on silica gel (SiO2) desiccant surfaces with the aim of providing 

localized heat sources, thereby rapidly increasing desiccant surface temperature and improving 

kinetics of water vapor desorption and desiccant regeneration. Faster desiccant regeneration can 

lead to multiple AWC cycles per day. 52,53

Gold nanoparticles (AuNPs) are both plasmonic and photothermal; when light at the 

surface plasmonic resonance (SPR) wavelength hits the nanoparticle (NP), the electrons in the 

NP’s conduction band are excited and begin to oscillate, creating a hot electron distribution. The 

electron oscillation decays by transferring the generated heat to the surrounding media.54–59 The 

NP size and shape can have a large impact on the SPR wavelength(s) and, correspondingly, the 

SPR induced photothermal heating.60 Gold nanorods (AuNR) have two SPR peaks (520nm, 
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790nm), indicating they can use more photons from the solar spectrum than gold nanocubes 

(AuNC, SPR peak 534 nm) to generate heat. 51,61 To contrast narrow spectral properties of 

AuNPs, we compared them to a lower cost and broadband spectrum absorbing, commercially 

available carbon black (CB) NPs. 50,51,60,62,63

The goal of this study was to understand material properties that can maximize the net 

water volume that desiccants can capture during the day. The net water production is a function 

of the water capacity during one adsorption-desorption cycle multiplied by the number of cycles 

performed per day. The number of cycles that can be operated per day depends on the water 

vapor adsorption and desorption rates via the desiccants’ solar photothermal heating capacity. 

Photothermal nanomaterials (AuNC, AuNR, CB) were chemically attached to micron-sized silica 

gel desiccants to increase desiccant surface temperature under sunlight, increase water vapor 

desorption rate, and facilitate multiple cycles of water capture throughout a 12-hour day period. 

Material characterizations of nano-enabled desiccants were related to their photothermal 

properties under simulated 1-Sun solar radiation. This work is among the first to perform 

atmospheric water capture experiments in multiple realistic environmental conditions (40%, 

60%, and 80% RH) to determine optimal use-case for nano-enabled photothermal desiccants. 

Materials and Methods

Synthesis of nano-enabled photothermal desiccants

Silica gel desiccants (high purity grade, pore size 40Å, 70–230 mesh particle size (63–

210 µm), (3-Aminopropyl) triethoxysilane (APTES), hexadecyltrimethylammonium bromide 

(CTAB), gold (III) chloride hydrate (HAuCl4), sodium borohydride (NaBH4), ascorbic acid, 

silver nitrate (AgNO3), and ethanol were acquired from Sigma Aldrich. ACS-grade hydrochloric 
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acid (HCl) was obtained from VWR. Ultrapure water (18.2 MΩ cm, Barnstead GenPure xCAD 

Plus) was used to make all solutions. 

Silica gel desiccants (SiO2) with pore size 40 Å and mesh particle size 70–230 (63–210 

µm) were selected because they have the highest reported surface area among commercial silica 

gel desiccants (500 m2/g), and surface area is a driving property in maximizing water vapor 

adsorption.43 SiO2 was washed with ultrapure water and separated using centrifugation (5000 

RPM, 30 min) two times and washed and centrifuged once with ethanol. Washed SiO2 (20 g) 

was silanized with 2.14 mmol APTES per gram SiO2 via reflux condensation in 400 mL ethanol 

for 12 hours at 80°C. SiO2-APTES was washed with ethanol and collected after vacuum 

filtration using 0.45 μm nylon filter, then dried overnight at 80°C. APTES is bound to the SiO2 

via the formation of Si‒O‒Si bonds with surface silanol groups. 64–68 The APTES amine 

terminus (‒NH2) faces outwards to covalently bond with gold or carbon. 51,69–72

AuNC and AuNR were synthesized using a seeded-growth method and capped with 

CTAB (details provided in S.I.). The AuNC solution is a bright red color with concentration 25 

mg/L and SPR peak at 534 nm. The AuNR solution is a deep purple color with concentration 80 

mg/L and has two SPR peaks at 520 nm and 790 nm. CB NPs were purchased in powder form 

(Emperor 2000 from Cabot Corporation) and used without further purification. 

For preliminary photonic and photothermal experiments, six NP mass loadings (0.1–10 

wt% NP/SiO2) were prepared for each NP. Varying volumes of premade 25 mg/L AuNC or 80 

mg/L AuNR solution were added to 0.2 g premade SiO2-APTES in Qorpak 500 mL wide mouth 

amber bottles to produce mass loadings of 0.1–7 wt% AuNP-SiO2. Nanopure water was added to 

each bottle such that the final volume in each bottle was 400 mL. To synthesize CB-SiO2, 

various masses of commercial CB were added to 0.2 g SiO2-APTES and 400 mL water in 
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Qorpak 500 mL wide mouth amber bottles to produce mass loadings of 0.1–10 wt% CB-SiO2. 

Secondary water capture experiments required triplicate production of 1 g 5wt% NP-SiO2: 1 g of 

premade SiO2-APTES was added to either 625 mL of AuNC (2 L of 25 mg/L AuNC were pre-

concentrated by centrifuging and resuspending in 625 mL water), 625 mL 80 mg/L AuNR 

solution, or 50 mg CB and 625 mL water in Qoropak 1250 mL wide mouth amber bottles. 

Amber bottles were placed on a rotating shaker table (350 RPM). After mixing the SiO2-APTES 

with NPs overnight, the desiccants settled for 2 hours, then the supernatant was removed. The 

jars with wet desiccants were dried overnight in an oven at 105°C. Dry desiccants were collected 

and stored in glass vials at room temperature until use. Figure 1 shows the desiccants (NP-SiO2), 

which varied in color depending on mass loading from various shades of greys for the CB on 

SiO2-APTES (CB-SiO2), pinks for AuNC on SiO2-APTES (AuNC-SiO2), and blues for AuNR 

on SiO2-APTES (AuNR-SiO2).

A B

C D

Figure 1: A) Bare SiO2 desiccants. B) 5wt% carbon black coated SiO2 desiccants. C) 5wt% gold 

nanorod coated SiO2 desiccants. D) 5wt% gold nanocube coated SiO2 desiccants. 
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The bare SiO2 desiccants had an average spherical diameter of 136 m, which equates to 𝜇

5.8x10-8 m2 of external surface area for attaching APTES and NPs. Figure S1 shows TEM 

images of the AuNPs. SiO2 pores were 4 nm (40 Å), while AuNR were 20 nm x 60 nm and 

AuNC had unit length 60 nm. Dynamic light scattering measurement of CB NPs showed they 

had a hydrodynamic diameter of 160 nm.51 NP dimensions were used to calculate surface 

loadings. A 2.2wt% loading of AuNC on SiO2 is the equivalent of a monolayer, or 100% surface 

coverage. For AuNR, 0.6wt% loading is a monolayer, and for CB, 0.3wt% loading is a 

monolayer. NP mass loadings of 0–7 wt% for AuNC, 0–7 wt% for AuNR, 0–10 wt% for CB 

were prepared to ensure complete coverage of the SiO2 desiccant with NPs and to test if 

additional layers of NP had impact on photothermal properties. Brunauer-Emmet-Teller (BET) 

surface area measurement of desiccants was conducted using Micromeritics TriStar II 2030 

instrument. Supplemental information provides sample preparation and methodology details for 

TEM and BET.

UV-Visible light absorption by nano-enabled photothermal desiccants 

Diffuse reflectance spectra of the desiccants were measured using Perkin Elmer Lambda 

18 UV-Vis Spectrometer with 150 mm integrating sphere. Diffuse reflectance measures the 

portion of incident light in a spectrometer that enters the voids of the powders, scatters, and is 

not absorbed. Diffuse reflectance spectroscopy has been proven to accurately correlate with 

localized light absorption for both carbon and gold nano-enabled solid substrates. 50,51,73,74 

The Kubelka-Munk function (F(R)) (Equation 1) converts reflectance measurements (R) 

to a ratio of absorption (K) to scattering (s) coefficients, assuming a uniform, infinitely thick 

layer of material that either absorbs or scatters radiation.75
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𝐹(𝑅) =
(1 ― 𝑅)2

2𝑅 = 𝐾/𝑠                                                                                                                         (1)

K/s values above unity indicate absorption is more dominant than scattering, K/s values equal to 

1 indicate equivalent absorption and scattering, and K/s values less than unity mean scattering is 

dominant. 

Nano-enabled photothermal desiccant heating under simulated solar irradiation

Desiccant (0.03 g) was mounted onto a glass microscope slide (Fisherbrand, thickness 1 

mm) using a 25 mm x 25 mm square of Scotch double-sided tape. The slide was placed 

perpendicular to the horizontal path of light from a Newport 1000 W Hg/Xe lamp at a distance 

where radiation intensity was 1000 W/m2 (1-Sun). An infrared temperature sensor (Omega, OS-

MINIUSB) was placed directly above the sample, and sample temperature was recorded at 1 

second intervals. Samples were irradiated until stable maximum temperature was reached. Then 

the light source was covered to allow samples to cool. Heating experiments for each desiccant 

were performed in triplicate. 

Water vapor adsorption onto nano-enabled photothermal desiccants under controlled 

humidity 

Water vapor adsorption experiments were performed in a 0.16 m3 polycarbonate 

enclosure (Figure S2). The enclosure contained 2 balances (Ohaus Pioneer PX224AM, 

readability 0.0001 g), an ultrasonic humidifier with hose attachment (Electro-Tech Systems 

model 5462), a circulation fan (Vornado Flippi V6), and a combined humidity and temperature 

meter (Omega RH820U). The humidifier tube attachment was placed above the fan to evenly 

distribute humid air throughout the chamber. Humidity and temperature were monitored and 

logged by the meter every second. Experiments were performed at ambient temperature (20–

22°C), and RH was maintained at either 40%, 60%, or 80% (+/- 2%) by manually adjusting the 
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humidifier throughout the experiment duration. One gram of 5wt% NP-SiO2 dry desiccant 

(removed from oven at 105°C immediately before experiment) was placed on a balance in an 

open glass petri dish, and weight increase due to water vapor adsorption was recorded by Ohaus 

serial port data collection software every 5 seconds. 

Water vapor desorption off nano-enabled photothermal desiccants under simulated solar 

irradiation

Water vapor desorption tests were performed in ambient lab environment (RH 25%, 

Temperature 20°C). After saturating the desiccant in the humidity-controlled enclosure (Figure 

S2), the glass petri dish containing saturated desiccant was placed on a balance beneath a vertical 

beam from Newport 1000 W Hg/Xe lamp with A.M. 1.5G filter at a distance where radiation 

intensity was equivalent to 1-Sun (1000 W/m2) (Figure S3). Mass loss over time as attributed to 

water vapor desorption was recorded at 5 second intervals from the balance using a serial port 

and data collection software (Ohaus). Two-tailed t-tests were performed on adsorption and 

desorption data obtained by triplicates of desiccant samples to determine statistical similarity 

(see S.I. for details).

Results and Discussion

Photonic characterization of NPs and nano-enabled photothermal desiccants

AuNC, AuNR, and CB NPs exhibited light absorption properties both dispersed in water 

and attached on desiccant surfaces. In water, the AuNR showed SPR peaks at 520 nm and 790 

nm, and AuNC showed a peak at 534 nm. CB exhibited broad absorption through the visible and 

near-IR wavelength spectra (Figure S4A). Figure 2 shows the Kubelka-Munk transformation of 

diffuse reflectance for the SiO2 desiccants with and without a 1wt% and 5wt% NP mass loading 
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on their surface. As anticipated, there were similarities in the spectral shape from NPs in water to 

Kubelka-Munk transformations of NP-SiO2 solids. 50,51

Figure 2: Kubelka-Munk transformation of diffuse reflectance on A) 1wt% or B) 5wt% 

nanoparticle-loaded SiO2 .

The magnitude of wavelength of light absorption by the NPs shifts when attached to 

SiO2. It was hypothesized that the magnitude of light absorption by the desiccants would follow 

the trend CB-SiO2 > AuNR-SiO2 > AuNC-SiO2 because this was the trend seen for NPs in 

solution. (Figure S4A) However, Figure 2 shows for both the 1wt% and 5wt% NP-SiO2 the 

light absorption trend is CB-SiO2 = AuNC-SiO2 > AuNR-SiO2. Higher absorbance by AuNC-

SiO2 compared to AuNR-SiO2 was not because a higher NP density attached to the SiO2. In fact, 

based on the NP size and density, a 5wt% loading of AuNPs is equivalent to 230% surface 

coverage for AuNC and 830% surface coverage for AuNR. Instead, it is likely that the 

combination of the arrangement of nanorods on the SiO2 substrate surface and the incident 

direction of light interacting with the nanoparticles led to a damping or suppression of the 

plasmonic resonance and higher light scattering.76,77 
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The plasmonic resonance peaks of AuNPs (both cubes and rods) exhibited a blue-shift 

from measurements in water vs air. The SPR peaks for AuNR in solution were at 520 nm and 

790 nm, while the SPR peaks for AuNR-SiO2 were at 505 nm and 625 nm. The SPR peak for 

AuNC in solution was at 534 nm and shifted to 500 nm for AuNC-SiO2. The refractive index 

(RI) of water (1.33) is higher than that of air (1.0), 78 which causes the nanoparticle extinction 

spectrum to shift when the particles are transferred from a water matrix to air. This is important 

because solar irradiance is higher at the blue-shifted wavelengths (1.40 W/m2 at 625 nm, 1.56 

W/m2 at 505 nm) compared with the anticipated absorption wavelengths (1.09 W/m2 at 790 nm, 

1.53 W/m2 at both 534 nm and 520 nm). Therefore, the blue-shift should not have a detrimental 

impact on light absorption and corresponding heat production by AuNP-SiO2 under exposure to 

solar irradiation in air.

Comparing the 1wt% and 5wt% NP loadings shows that higher surface NP loading 

increased the light absorption. However, above 5wt% loadings, absorption plateaued at an 

“absorption maxima”, indicating any further NP loading will not further enhance light absorption 

(Figure S5). Therefore, AWC analysis was performed on 5wt% NP-SiO2 because additional 

mass loadings were unlikely to lead to additional heating potential but likely to reduce water 

vapor mass transport rates at the desiccant surface.

Photothermal characterization of nano-enabled photothermal desiccants under simulated 

solar irradiation

Attachment of photothermal NPs to desiccant surfaces increased the desiccant surface 

temperature under simulated solar irradiation. For each of the three NPs, higher NP surface 

loading always increased the rate and maximum temperature. Figure 3A shows CB loading of 

1wt% achieved similar maximum surface temperature as 2.5, 5, and 10wt%. Maximum surface 
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temperature and heating rate of 5wt% and 10% CB was statistically similar (p>0.6). For the same 

simulated solar experiments and 5wt% NP mass loadings, Figure 3B shows CB achieved a 

higher maximum surface temperature (59°C) than either AuNC-SiO2 (41°C), AuNR-SiO2 

(31°C), or the un-modified bare SiO2 (28°C). The heating rate (°C/min) was calculated as the 

slope of the first minute of temperature versus time shown in Figure 3. Calculated heating rates 

are summarized in Table 1. At 5wt% NP-SiO2 loading, the CB heating rate was 2 times faster 

than AuNC and 4 times faster than AuNR-SiO2. We concluded that AuNC-SiO2 heated more 

slowly and to a lower temperature than CB-SiO2 because, even though the integrated Kubelka-

Munk absorbance are near equal, there is energy lost in the conversion of SPR electron 

oscillation to heat. 60

Figure 3: Dry desiccant surface temperature under 1-Sun solar irradiation. A) Maximum surface 

temperature of carbon black loading on SiO2 desiccants. B) Maximum surface temperature of 

various NP loadings on SiO2. C) Change in 5wt% NP-SiO2 desiccant surface temperature over 

time.
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Table 1: Heating rate and maximum surface temperature of 0.03 g desiccant sample attached to 
a glass slide and placed perpendicular to the beam path of 1-sun irradiation

Carbon Black Gold Nanocube Gold NanorodLoading 
(wt%NP-

SiO2)
Heating 

Rate 
(°C/min)

Max 
Temperature 

(°C)

Heating 
Rate 

(°C/min)

Max 
Temperature 

(°C)

Heating 
Rate 

(°C/min)

Max 
Temperature 

(°C)
0 2.3 28.2 2.3 28.2 2.3 28.2

0.25 12.5 47.6 2.4 28.8 2.2 28.5
0.5 12.3 49.4 3.0 29.5 2.6 30.2
1 14.5 52.7 4.2 31.2 3.5 30.4

2.5 15.5 52.9 6.9 35.8 4.4 31.9
5 18.8 59.0 9.5 40.7 4.3 31.4
7 -- -- 7.7 38 5.3 33.6
10 19.2 58.1 -- -- -- --

Water vapor adsorption onto desiccants under variable humidity conditions

As illustrated for representative samples in Figure 4, water harvesting experiments were 

conducted in two phases. First, water vapor was adsorbed, and experiments run for 15 to 60 

minutes past achieving a saturation plateau to confirm maximum adsorption. Second, water 

vapor desorption was initiated and run until a second plateau was achieved. Water vapor capture 

experiments were performed on 5wt% NP-SiO2 because they had optimal heating rates and 

maximum surface temperatures (Table 1). Maximum water vapor adsorption rates and capacities 

were determined at three RH values (40, 60, 80%) for the bare SiO2 and the 5wt% NP-SiO2. 

Figure 4A shows that for 40% RH all desiccants were saturated with water vapor within ~45 

minutes. The time required to achieve water vapor saturation increased with increased RH. At 

60% RH, all desiccants reached their maximum sorption capacity within 1 hour (Figure 4B), and 

at 80% RH, all desiccants reached maximum sorption capacity in 8 hours (Figure 4C). 
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Figure 4: Water harvesting experiments conducted for bare SiO2, 5wt%CB-SiO2, 5wt%AuNC-

SiO2, and 5wt%AuNR-SiO2. Water vapor adsorption under controlled humidity conditions and 

desorption under 1-sun irradiation over time. Adsorption experiments performed at A) RH = 

40%, B) RH = 60%, C) RH = 80%. 
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Table S1 summarizes maximum adsorption capacities for all experiments, which at 40% 

RH ranged from 0.045 ± 0.0036 to 0.067 ± 0.0033 gH2O/g desiccant. The bare SiO2 desiccant 

adsorbed more water vapor (p<0.03) than either of the three NP enabled desiccants. Among the 

three NP-enabled desiccants, the maximum water adsorption capacities were statistically similar 

(p>0.25). 

A similar trend was seen for adsorption experiments at 60% RH. Silica gel desiccants 

adsorbed 0.201 ± 0.0152 gH2O/g desiccant within 1 hour, which is nearly double the capacity of 

all NP-SiO2 (p<0.003). At 80% RH, the time required for water vapor saturation of the 

desiccants increased to 6–8 hours. Maximum sorption capacities of SiO2 (0.495 ± 0.0284) and 

5wt% CB-SiO2 (0.421 ± 0..643) were statistically similar (p=0.143), as were the sorption 

capacities of 5wt% CB-SiO2 and 5wt% AuNC-SiO2 (0.352 ± 0.0250, p=0.185). 

Two factors may be leading to lower adsorption of NP-enabled desiccants compared with 

bare desiccants. First, the APTES coating may be blocking desiccant pores. Second, NPs may be 

hindering access to the desiccant pores. The measured BET surface area for bare SiO2 desiccant 

was 459.2 m2/g. Treating SiO2 with the APTES linker alone decreased the surface area by 37% 

to 290 m2/g. Attachment of CB or AuNC to SiO2-APTES did not impact the surface area beyond 

APTES treatment alone (Table S2), whereas AuNRs decreased the available surface area by 

46% relative to the bare silica desiccant. Decrease in surface area limits sites where water vapor 

can adsorb.43 Thus, the APTES treatment is responsible for the lower water vapor adsorption for 

NP-SiO2 relative to bare SiO2 (Figure 4), and future work should focus on linkers that have a 

smaller effect on NP-SiO2 surface area.
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Water vapor desorption from desiccants under simulated solar irradiation

After saturation was achieved, water vapor desorption was monitored for at least 1 hour 

under 1-Sun simulated solar irradiation. Desorption rates (gH2O/min) were calculated as the 

slope of mass change over time for the first 5 minutes and are summarized in Table S1 for all 

experimental conditions. Figure 4A shows one adsorption-desorption cycle for selected 

desiccants. Faster desorption rates were achieved by NP-SiO2 than for bare SiO2, which is 

attributed to higher surface temperatures (Figure 3). Notably, CB-SiO2 achieved a surface 

temperature 20–30°C higher than bare SiO2 for all RH conditions and consequently achieved 

nearly double the desorption rate. In plotting results from all the data together, there was a clear 

trend between higher NP-SiO2 surface temperatures and water vapor desorption rate (Figure S6). 

The higher variability obtained in 80% RH desorption experiments was likely due to multi-layer 

desorption, with water vapor leaving the surface of the desiccant faster than water vapor bound 

in the pores. NP-SiO2 achieved near complete water desorption during the heating cycle whereas 

40% of the water vapor failed to desorb from the bare SiO2 because it did not achieve a high 

enough temperature.

In all cases, Figure 5A shows that more water was produced (i.e., harvestable) after 

desorption from higher RH exposures for any given desiccant. Water harvested at 40% RH by 

SiO2 and all NP-SiO2 in one adsorption-desorption cycle was statistically similar. However, 

Figure 5A also shows that during any one water vapor cycle at 60% or 80% RH, the bare SiO2 

produced more water than any of the NP-SiO2; the lower water vapor mass adsorption was due to 

APTES blockage of desiccant pores in NP-SiO2. Only at 80% RH did one NP-SiO2 (5wt% CB-

SiO2) yield a similar quantity of harvestable water to the bare SiO2. Thus, if only one adsorption-
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desorption cycle per day was conducted, there would be limited benefit of nano-enabling the 

SiO2 desiccant. 

Figure 5: A) Water volume captured per gram desiccant for one adsorption-desorption cycle 

(experimental). B) Water volume captured per gram desiccant for multiple cycles over 12 hours 

(theoretical). Time per cycle combines adsorption and desorption time. 

Operating multiple adsorption-desorption cycles with nano-enabled photothermal desiccants 

Considering that the volume of water captured by bare SiO2 and all NP-SiO2 at 40% RH 

was statistically equal and all NP-SiO2 had faster desorption rates, we hypothesized NP-SiO2 

could perform more adsorption and desorption cycles over a 12-hour daylight period to yield a 

higher water volume. Accordingly, multiple sequential adsorption-desorption cycles were 

conducted over a 12-hour period to estimate net water harvest capacity and to evaluate material 

stability. In these experiments, as soon as the desiccant achieved saturation it was subjected to a 

desorption cycle. Figure 6 shows representative data at 40% RH for bare SiO2 and the best-

performing NP-SiO2 (5wt%CB-SiO2). As illustrated by near identical rates and extents of water 
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vapor adsorption and desorption, both the bare desiccants and NP-SiO2 performed consistently 

over multiple cycles. As shown in Figure 6a, the NP-SiO2 achieved 11 complete adsorption-

desorption cycles within 12 hours, with complete desorption of water vapor (e.g., Figure 4a) in 

each cycle, yielding 0.562 g H2O/g desiccant. In parallel experiments (Figure 6b), the SiO2 

desiccant only achieved 9 cycles within 12 hours, and only yielded 0.460 g H2O/g desiccant 

because of its slower desorption rate and incomplete desorption associated with impaired heating 

of bare SiO2 relative to the temperatures achieved by NP-SiO2 upon solar illumination. Thus, the 

net water harvesting capacity of the best-performing NP-SiO2 was 25% greater than bare SiO2 

over a 12 hour period. As described above, with future innovation to limit NP-SiO2 pore 

blockage attributed to APTES, NP-SiO2 may achieve even greater improvements in water 

harvesting. 

Figure 6: Experimental cycling of desiccants between adsorption at 40% RH and desorption 

under solar simulator. A) 5wt%CB-SiO2 desiccants, adsorption performed for 45 minutes and 
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desorption performed for 20 minutes over 12 hours. B) SiO2 desiccants, adsorption performed 

for 45 minutes and desorption performed for 30 minutes over 12 hours.

Theoretical atmospheric water capture potential by desiccants cycled in full-scale system

Figure 5B illustrates the theoretical water volume harvested over 12 hours by all 

desiccants under variable humidity conditions. In the most optimistic scenario, we assumed 12 

hours of sunlight per day to drive water vapor desorption and use of highly-efficient 

condensation systems to recover water vapor desorbed from NP-SiO2. The dual y-axes in Figure 

5B show the mass of water captured per gram of desiccant over 12 hours (primary y-axis) and 

volume of water harvested by a likely full-scale system that contains a 10 mm thick layer of 

desiccants evenly coated over a 1 m2 flat-bottomed AWC device (i.e., 4.5 kg of desiccant). The 

full-scale AWC system values represent a typical system configuration for passive AWC.43 

Table S3 summarizes observed adsorption-desorption cycle time and the predicted number of 

cycles that can be achieved within 12 hours. At 40% RH, there is statistical (p=0.035) benefit to 

using a nano-enabled desiccant, with 2.1 ± 0.16 L/m2 water harvested by 5wt%CB-SiO2 

compared to 1.7 ± 0.14 L/m2 by bare SiO2. NP-SiO2 were able to produce more water over 12 

hours because the cycle time is shorter and therefore more cycles can be performed. 

At 60% and 80% RH conditions, all desiccants achieved similar water capture results. At 

60% RH, even though all NP-SiO2 can perform 3 more cycles than bare SiO2, the total water 

volume was statistically similar (p = 0.422). Bare SiO2 adsorbed 40% more water than NP-SiO2, 

but also retained 40% of the adsorbed water vapor during desorption, leading to a net even water 

production by bare and nano-enabled desiccants. At 80% RH, total adsorption time was 6 hours 

for 5wt%AuNR-SiO2 and 8 hours for all other desiccants, therefore only one adsorption and 
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desorption cycle can be performed over a 12 hour period. Water harvesting potential is then 

dictated by the capacity of a single cycle. 

Future Outlook

We previously demonstrated the importance of geography and climate on the viability of 

performing passive desiccant driven AWC with solar-thermal water recovery.43 Desiccant 

adsorption potential was a limiting factor in arid climates that had sufficient solar irradiance for 

desorption (e.g., southwest United States). Desiccant desorption potential was limiting in humid 

climates where there was insufficient solar irradiance to release the captured water (e.g., 

northwest, midwest and eastern United States). In this work, we found nano-enabled desiccants 

using silica coated with photothermal CB NPs are suitable in arid climates with abundant solar 

radiation (e.g., Phoenix, AZ) to capture water vapor from the air, even at low RH. NP-SiO2 

advance the state of science on solid desiccants for AWC, proving multiple cycles (>10) of 

adsorption and desorption can be performed within a 12 hour daylight period to maximize both 

adsorption and desorption potentials. A 5wt% CB-SiO2 desiccant captured 0.562 g H2O/g 

desiccant at 40% RH over 12 hours, an order of magnitude more than bare silica gel operated for 

only one cycle. Condensing the desorbed water can be achieved through heat exchange with cold 

air or a cold surface to bring the saturated water vapor to below dew point temperature. 

A device to contain and operate the NP-SiO2 must move beyond the traditional diurnal 

operation in batch configuration. Recently, Wang’s group demonstrated a continuous 

atmospheric water generation device for photothermal liquid desiccant (nano carbon hollow 

capsule with hygroscopic salt LiCl inside the void core). Desiccants were contained on the 

surface of a rotating drum that moved between an adsorption zone open to ambient humid air and 

a desorption zone open to sunlight. A copper condensation chamber located above the desorption 
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zone condensed water droplets and directed them to a outlet.53 A similar device can be 

constructed to hold and operate solid-phase photothermal desiccants in continuous mode 

throughout the day.
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