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Description of the 3D printed casing for BT measurements

 

Figure S1: Top: Photographs of the 3D printed polymer casing with the cylindrical sample and the copper contacts 
used for the BT measurements before the infiltration of the MOF particles. Bottom: A sketch of the setup 
including the dimensions.
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Breakthrough experiments

Breakthrough curves were obtained by plotting the outlet concentration (C/C₀) versus time. 
The adsorption capacity (qᵢ) of each component was calculated via a mass balance over the 
column according to:

𝑞𝑖 =
(𝐹𝑓𝑒𝑒𝑑 ∙  𝜏𝑆𝑇,𝑖 ‒ 𝜀 ∙  𝑉) .  𝑥𝑓𝑒𝑒𝑑,𝑖  ∙  𝜌𝑓

𝑚𝑎𝑑𝑠
(1)

with , , , , , , and  denoting the volumetric feed flow rate (ml/min), the 𝐹𝑓𝑒𝑒𝑑 𝜏𝑆𝑇,𝑖 𝜀 𝑉 𝑚𝑎𝑑𝑠  𝑥𝑓𝑒𝑒𝑑,𝑖 𝜌𝑓

average breakthrough time of component i (min), the bed porosity, total column volume (ml), 
the mass of the adsorbent (g), the mass fraction of the component i in the feed mixture (g/g), 
and fluid density (g/ml).

The average breakthrough time was calculated from equation 2:

t
𝜏𝑆𝑇,𝑖 =

∞

∫
0

(1 ‒
𝑐𝑖

𝑐𝑜,𝑖
)𝑑 (2)

with  and  representing the column outlet concentration and the feed concentration.𝑐𝑖 𝑐𝑜,𝑖

Figure S2: Schematic of the experimental setup to perform vapor phase breakthrough experiments. Helium (He) 
as carrier gas is sent through one or both evaporators to obtain a vapor stream. This vapor stream can further 
be diluted using another mass flow controller (MFC 3). The column is kept in a temperature-controlled oven and 
the effluent stream is analysed by GC. The adsorbent can be regenerated in-situ under continuous flow of carrier 
gas (He) by heating the column oven. 
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The above equations are valid only under the assumptions that no change in fluid flow rate 
due to adsorption is observed. The adsorbate density is also assumed constant all over the 
column and same as feed mixture density. It also indicates that (for vapor systems) a negligible 
pressure drop over the adsorbent bed is assumed, considering the structured form.

For vapor phase separation, considering the total mixture pressure at the column inlet, and 
the average of the total pressure for the two evaporators, the equation 1 was rewritten as:

𝑞𝑖 =
(𝑛̇𝑚𝑖𝑥

𝑡𝑜𝑡  . 𝜏𝑆𝑇,𝑖 ‒
𝜀𝑉. 𝑃𝑚𝑖𝑥

𝑡𝑜𝑡  

𝑅 . 𝑇𝑒𝑥 ) . 𝑦𝑚𝑖𝑥
𝑖

𝑚𝑎𝑑𝑠

 (3)

where  is the molar flow rate of the mixture (mmol/min),  is the total pressure of the 𝑛̇𝑚𝑖𝑥
𝑡𝑜𝑡 , 𝑃𝑚𝑖𝑥

𝑡𝑜𝑡

mixture (Pa), R is the ideal gas law constant, qi is the amount adsorbed (mmol/g), and Tex is 
the experimental temperature (K) and, 

t
𝜏𝑆𝑇,𝑖 =

∞

∫
0

(1 ‒
𝑦𝑜𝑢𝑡𝑙𝑒𝑡

𝑖

𝑦𝑚𝑖𝑥
𝑖

)𝑑 (4)

Furthermore, a correction is needed for the dead volume of the system. This correction was 
made using the dead volume, Vd = 3.5 ·10-6 m3, determined by Gelin () and is used as follows

(5)
𝜏𝑆𝑇,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝜏𝑆𝑇,𝑖 ‒  

𝑉𝑑

𝐹𝑡𝑜𝑡

Ftot is the total flow rate (m3/s).

For single component adsorbate, the equation 3 can be simplified to the following:

(6)
𝑞𝑖 =

𝐹𝑡𝑜𝑡 ∙  𝑦𝑖,𝑖𝑛 ∙  𝜏𝑆𝑇,𝑐𝑜𝑟𝑟𝑒𝑡𝑒𝑑 ∙  𝑀𝑊𝑖 ∙  𝑃𝑠𝑡

𝑚𝑎𝑑𝑠 ∙  𝑅𝑇𝑠𝑡

 

Pst is the standard pressure (Pa), Tst is the standard temperature (K), yi,in is the inlet mole 
fraction of adsorbate, i and MWi is the molar weight of adsorbate, i (g/mol). 
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The breakthrough curves of the pristine carbon foam were measured with a helium stream 
with a relative humidity of 20 % and 40 % to establish a baseline for the performance of the 
composites (Figure S3).

Figure S3: Breakthrough curves of the carbon foam with a helium gas stream with a 20 % RH 
(blue) and 40 % RH (green) at 25 °C at a flow rate of 110 sccm and a gas velocity of 0.01 m/s 
with a regeneration power of 0.5 W.

To show the reproducibility of the BT measurements using this setup, the water breakthrough 
curve of MOF-303@CF was measured three times independently at a relative humidity of 20 % 
and with 0.5 W of power for the joule heating assisted regeneration step (Figure S4). The 
curves show little deviations, especially in the adsorption branch, proving the high 
reproducibility of the experiment.

Figure S4: Comparison of three breakthrough measurements of MOF-303@CF to show the reproducibility. The 
measurement was done with a helium gas stream of 20 % RH at 25 °C at a flow rate of 110 sccm and a gas velocity 
of 0.01 m/s with a regeneration power of 0.5 W. The adsorption branches are shown on the left and the 
desorption on the right.
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The water uptake from five breakthrough cycles at 40 % RH for MOF-303@CF was calculated 

and compared in figure S5 to show, that the material does not deteriorate and the water 

harvesting capacity remains constant even after several Joule-heating cycles.

Figure S5: Comparison of the water uptake capacity of MOF-303@CF from five breakthrough 

cycles at 40 % RH.
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Characterization of the MOFs

To ensure optimal performance, the composition of the synthesized MOFs was verified by 
thermogravimetric and elemental analysis, the crystallinity and phase purity was confirmed 
by PXRD and the sorption characteristics were checked via nitrogen sorption at 77 K.

CAU-10-H: [Al(C8O4H4]

Figure S6: TG curve of CAU-10-H.

Table S1: Determination of the composition of CAU-10-H.

C % H % N % S % Solvent step % Frame step %
Experimental 33.94 4.65 0 0 24.2 57.9
[AlOH(C8H4O4]x3.7 H2O 34.97 4.55 0 0 24.3 57.2
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Figure S7: Nitrogen sorption isotherm of CAU-10-H at 77 K. The specific BET surface area calculated using the 
Rouquerol method is 571 m2/g.
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MOF-303: [Al(C5N2O4H2)(OH)]

Figure S8: TG curve of MOF-303.

Table S2: Determination of the composition of MOF-303.

C % H % N % S % Solvent step % Frame step 
%

Experimental 21.18 4.55 9.68 0 29.7 49.0
[AlOH(C5N2H2O4)]x4.7 
H2O

21.24 4.42 9.91 0 30.0 52.0
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Figure S9: Nitrogen sorption isotherm of MOF-303 at 77 K. The specific BET surface area calculated using the 
Rouquerol method is 1322 m2/g.
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MOF-801: [Zr6O4(OH)4(C4H2O4)6]

Figure S10: TG curve of MOF-801.

Table S3: Determination of the composition of MOF-801.

C % H % N % S % Solvent step 
%

Frame step 
%

Experimental 15.65 4.07 0 0 26.3 34.7
[Zr6O4(OH)4(C4H2O4)6]x27 
H2O

15.58 3.81 0 0 26.3 33.8
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Figure S11: Nitrogen sorption isotherm of MOF-801 at 77 K. The specific BET surface area calculated using the 
Rouquerol method is 641 m2/g.

Characterization of the carbon foam

To understand the influence of the carbon substrate on the properties of the final composites, 
also the carbon foam was analysed via thermogravimetric and elemental analysis and 
additionally water sorption isotherms at 298 K and nitrogen sorption isotherms at 77 K were 
collected.

Elemental analysis: C: 62.107 %, H: 2.12 %, N: 8.05 %, S: 0.46 %

The remaining 27.2 % are likely made up by oxygen from the adsorbed water molecules and 
to a smaller part by sodium, which is present in the Basotect® W polymer in the form of sodium 
bisulfite.1 EDX measurements confirmed the presence of sodium in the carbon foam even 
after the heat treatment and washing step.
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Figure S12: TG curve of the carbon foam.

Figure S13: Water sorption isotherms of the carbon foam collected at 25 °C.
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Figure S14: Nitrogen sorption isotherms of the carbon foam collected at 77 K.
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Powder X-ray diffraction

PXRD patterns of the composites were collected and compared to the respective MOF 
powders, to prove, that the material stays intact after the infiltration process.

Figure S15: Powder diffraction patterns of CAU-10-H and CAU-10@CF compared with the simulated pattern.2

Figure S16: Powder diffraction patterns of MOF-303 and MOF-303@CF compared with the simulated pattern.3
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Figure S17: Powder diffraction patterns of MOF-801 and MOF-801@CF compared with the simulated pattern.4

Dynamic light scattering and zeta-potential measurements

To obtain the hydrodynamic particle sizes and particle size distributions of the MOF 
crystallites, dynamic light scattering measurements were conducted in aqueous dispersions 
of the respective MOF.

Table S4: Hydrodynamic radius dh, polydispersity index PDI and zeta-potential of the three MOF particles 
measured in an aqueous dispersion.

CAU-10-H MOF-303 MOF-801
dh [nm] 211.0 ± 527.5 232.6 ± 139.0 57.9 ± 23.4

PDI 0.8 0.2 0.2
Zeta potential [mV] 16.92 20.97 22.75
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Light emission spectrum

To explore solar irradiation as an alternative regeneration pathway, the composites were 
irradiated with white light at different powers. The emission spectrum of the light source that 
was used is shown in Figure S17.

Figure S18: Emission spectrum of the light source that was used for the photonic heating of the composite 
materials.
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Heating experiments  

To assess the heating behaviour of the composites, the time dependent temperature response 
after heating with different electrical and radiative powers was recorded (Figure S18-19). The 
power input trough light irradiation was measured using a thermal power sensor, considering 
the surface area of the composites. 

A1 A2

B2B1
 Figure S19: Joule-heating and cooling curves of CAU-10@CF shown in A1 and A2 respectively 
compared with the heating and cooling curves for radiative heating shown in B1 and B2.
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A1

1
A2

B2B1
 Figure S20: Joule-heating and cooling curves of MOF-303@CF shown in A1 and A2 respectively 
compared with the heating and cooling curves for radiative heating shown in B1 and B2.
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Figure S21: Linear regression for the temperature as function of the joule- (left) and radiative (right) heating 
power for CAU-10@CF.

Figure S22: Linear regression for the temperature as function of the joule- (left) and radiative (right) power for 
MOF-303@CF.

Figure S23: Linear regression for the temperature as function of the joule- (left) and radiative (right) power for 
MOF-801@CF.
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Calculations of the energy consumption

To understand the power needed to produce water from the composites through joule 
heating, the energy demand per litre of water produced at different regeneration conditions 
was calculated. The calculations in table S5 only take the power needed to desorb the water 
from the composite through joule-heating into consideration and not the potentially required 
energy for running a fan and a condensation unit.  The energy consumption  of our devices 𝐸

is calculated as the product of the desorption time , the Joule-heating power  and the scale 𝑡 𝑃

factor  :𝑆

(7)𝐸 = 𝑡 ∙ 𝑃 ∙ 𝑆

The scale factor represents the number of times the measured composites would need to be 
multiplied to desorb 1 L (1000 g) of water in one sorption cycle and is calculated using the 
adsorption capacity  and the mass of the composites as follows:𝑐 𝑚(𝑔)

(8)
𝑆 =

1000 𝑔
𝑐 𝑚(𝑔)

 

Since the desorption proceeds faster at the beginning of the regeneration step, it is more 
energetically efficient to only partly regenerate the adsorbent instead of waiting until all water 
is desorbed, at the cost of lowered daily water production (Table S3). Thus, the optimal 
operation conditions for running the AWH device change based on the water needs and the 
power availability.
Due to the small scale of the devices tested in this study, the scale factor needed for realizing 
these water yields is higher than 50 000, making a linear scalability unlikely. Thus, these values 
can only be seen as a rough upper limit to the possible power consumption of such a device 
for producing water on the litre scale. To further reduce the power consumption in future 
iterations of water harvesting devices, regeneration with lower electrical power or in heating 
pulses instead of applying a continuous current could be explored.

Table S5: Calculated power consumption for producing water from the composites through joule heating at 
different regeneration conditions.

100 % regeneration with 
0.5 W

50 % regeneration with 
0.5 W

75 % regeneration with 
0.5 W

Power 
demand

[kWh/LH2O]

Daily yield
[L/(kg d)]

Power 
demand

[kWh/LH2O]

Daily yield
[L/(kg d)]

Power 
demand

[kWh/LH2O]

Daily yield
[L/(kg d)]

CAU-10@CF 20 % RH 39.6 1.05 27.8 0.67 30.4 0.91
CAU-10@CF 40 % RH 25.4 1.83 16.6 1.23 20.2 1.62
MOF-303@CF 20 % RH 24.5 1.98 14.6 1.33 16.3 1.81
MOF-303@CF 40 % RH 20.9 2.18 12.8 1.43 14.8 1.95
MOF-801@CF 20 % RH 27.0 1.57 21.0 1.0 22.1 1.37
MOF-801@CF 40 % RH 21.7 1.45 15.0 0.88 16.0 1.24

The minimal energy requirement  for the water desorption can be calculated by 𝐸(𝑚𝑖𝑛)

considering the energy needed to heat the individual components (MOF, CF and water) to 
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the desired desorption temperature of 70 °C and adding the energy for overcoming the 
enthalpy of adsorption of water on the respective adsorbents.

  (9)𝐸(𝑚𝑖𝑛) = 𝐸(ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑀𝑂𝐹) + 𝐸(ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝐶𝐹) + 𝐸(ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝐻2𝑂) + 𝐸(𝑑𝑒𝑠, 𝐻2𝑂)

For the sake of simplicity, the water is assumed to be completely adsorbed in the MOFs 
and not in the carbon foam. The specific heat capacities  at 25 °C for the MOFs are 𝐶𝑃

1.3 J/(g·K)5, 1.0 J/(g·K)6 and 0.8 J/(g·K)7 for CAU-10-H, MOF-303 and MOF-801 respectively 
and assumed to be constant in the temperature range up to 70 °C. For the carbon foam, 
the specific heat capacity of graphite (0.7 J/(g·K)8) is assumed, while water has a heat 
capacity of 4.2 J/(g·K). The average heat of adsorption  for water in the three MOFs ∆𝐻𝐴𝑑𝑠

is very similar, with -56 kJ/mol (CAU-10-H)5, -54 kJ/mol (MOF-303)9 and -55 kJ/mol (MOF-
801).7 To calculate the energy needed to desorb one liter of water, the mass of composite 
necessary to adsorb one liter of water can be calculated using the water harvesting 
capacity of the composites:

    (10)
𝑚(𝑔) =

1000 𝑔
𝑐

Knowing that the composites contain a MOF mass fraction of 73 % and that the 
temperature difference from 25 °C to 70 °C is 45 K, the minimal power requirement to 
desorb one liter of water (55.6 mol) from each composite can be calculated as follows:

𝐸(𝑚𝑖𝑛)
= 𝑚(𝑔) ∙ 0.73 ∙ 𝐶𝑃(𝑀𝑂𝐹) ∙ 45 𝐾 +  𝑚(𝑔) ∙ 0.27 ∙ 𝐶𝑃(𝐶𝐹) ∙ 45 𝐾 + 1000 𝑔 ∙ 𝐶𝑃(𝐻2𝑂) ∙ 45 𝐾 ‒  ∆𝐻𝐴𝑑𝑠(𝑀𝑂𝐹)
∙ 55.6 𝑚𝑜𝑙

    (11)

This results in an energy requirement of 1.0 kWh, 0.94 kWh and 0.96 kWh for CAU-10@CF, 
MOF-303@CF and MOF-801@CF respectively. The values are very similar, since the 
adsorption enthalpy, which is very close in all three MOFs, is the dominating energy 
contributor. These values are significantly lower, than the reported energy consumption, 
signaling, that the reported devices have a large amount of systemic energy losses due to 
factors like internal resistance and heat loss to the environment. Future iterations of this 
technology should therefore focus on the device engineering to minimize this discrepancy.
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Literature comparison

To compare the water harvesting results obtained in this study to the state of the art, a 
literature search using the terms “MOF” and “Atmospheric water harvesting” was conducted 
using Web of Science. Only studies that used MOFs as active materials and reported daily 
water yields per kg of adsorbent in the humidity range of 20 % to 40 % were considered for 
the comparison. The materials are ranked based on their daily water harvesting capacity and 
presented together with other relevant AWH parameters in Table S6. Since only few studies 
report the energy efficiency of the water harvesting devices, column 4 (energy use) contains 
only few entries. The ranking shows that while the water production capacities of the 
presented materials are not record-breaking, they show competitive performance compared 
to the overall literature. Due to the limited amount of datapoints available, the energy 
consumption is difficult to compare but among the studies that did report this, the devices in 
the present study have an above average energy consumption. Overall, it has to be noted that 
the direct comparability of the listed materials can be somewhat misleading, since the 
employed mass and shape of the adsorbents varies widely as do experimental parameters like 
the speed of the airflow and the regeneration conditions. To ensure comparability 
standardized testing conditions should be used, including aspects such as sample weight, 
regeneration power, air flow speed, relative humidity and adsorption temperature.

Table S6: Comparison of the water harvesting capacities of MOF based water harvesting materials operating in 
the relative humidity range from 20 % to 40 %.

Material Water harvesting 
capacity [L/(kg d)]

RH 
[%]

Energy 
use 

[kWh/L]

Average 
cycle 

time [h]

T 
[°C]

Heating 
method

Form of the 
adsorbent Ref.

OM-UiO-66-NH 27.8 30 Not 
reported 0.25 25 Simulated 

sunlight Thin layer 10

MOF-801 12.5 39 Not 
reported 0.4 24 Hot air Fluidized 

powder
11

Fluorophenyl 
oligomer 

incorporated MOF
10.1 25 Not 

reported 0.5 25 Simulated 
sunlight Monolith 12

Chitosan-hyaluronic 
acid-MOF-303-

graphene oxide-
calcium chloride 

composite

10.0 ≈25 1.2-44.4 Not 
reported ≈30 Simulated 

sunlight Monolith 13

MOF-
303@poly(acrylates) 7.9 20 Not 

reported
No 

reported 25 Electrical heater 
+ vacuum Beads 14

TMM-MOF801 6.1 20 Not 
reported 0.7 25 Joule-heating Membrane 15

MOF-AG@IO 6.0 33 89.1 1 25 Induction Beads 16

Photothermal-
triggered MOF-

composite nanofiber 
texture

4.6 23 Not 
reported 4.8 34 Simulated 

sunlight Fibers 17

Octahedral nitrogen-
modified MOF-80 4.6 30 Not 

reported 0.7 25 Simulated 
sunlight Powder 18

MIL-101(Cr) monolith 3.7 30 Not 
reported 2 25 Peltier effect Monolith 19

MOF-801 1.8-3.5 19-
46 1.7-5.3 From 4 to 

0.8 ≈25 Electric heater Powder 20

MOF-303@CF 2.2 40 20.9 2.2 25 Joule-heating Monolith This work
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MOF-303@CF 2.0 20 24.5 1.7 25 Joule-heating Monolith This work

Al-fum-carbon 
scaffold 2.0 28-

38 1.6 2.5 23-
26 Joule-heating Monolith 21

MOF-Based 
Zwitterionic 

Hydrogel
1.9 20-

40 0 24 20-
32 Sunlight Monolith 22

CAU-10@CF 1.8 40 25.4 2.2 25 Joule-heating Monolith This work

Ti3C2/sHBP-coated 
MOF 1.8 35 1.0 3 25 Solar+electric 

heater Monolith 23

Ni2Cl2(BTDD) on Cu 
foam 1.8 35 Not 

reported 2.2 25 Peltier effect Monolith 24

CaCl2@MOF-808 1.8 30 0 2.7 25 Sunlight Powder 25

CF/Al-fumarate/SA 1.7 32-
35 4.4 3.3 26-

28 Joule-heating Monolith 26

MOF-801@CF 1.6 20 27.0 0.8 25 Joule-heating Monolith This work

MOF-801@P(NIPAM-
GMA) 1.6 20 Not 

reported 3 25 Electric heater + 
vacuum Beads 27

MOF-801@CF 1.5 40 21.7 2.5 25 Joule-heating Monolith This work

MOF-801 sodium 
alginate-tannic acid 

matrix
1.4 20 Not 

reported 2 26 Simulated 
sunlight Monolith 28

WCBs@SA/MNPs/M
OFs 1.4 20 Not 

reported 3 25 Simulated 
sunlight Monolith 29

Carbon paper/MOF 
monolith 1.4 33-

43 2.3 2.7 23-
26

Solar and joule-
heating Monolith 30

MOF-303 1.3 32 Not 
reported 2-3 27 Electrical heater Powder 31

D-Al-Fum 1.2 30 Not 
reported 3 25 Electric heater Powder 32

CAU-10@CF 1.1 20 39.6 3.0 25 Joule-heating Monolith This work

MXene Ti3C2-
incorporated UiO-66-

NH2 monolith
0.4 20 Not 

reported 1 25 Simulated 
sunlight Monolith 33

MOF-801 0.3 20-
40

Not 
reported 24 15-

25
Concentrated 

sunlight Powder 34

MOF-801@MIL-
101(Cr) 0.3 10-

20
Not 

reported 24 25 Simulated 
sunlight Powder 35

MOF-303 0.1-0.3 9.4-
36 0 24 22-

61 Sunlight Pellets 36

MOF-801 0.1 20-
40 0 24 15-

25 Sunlight Powder 34
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