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ABSTRACT 

Self-powered sensors/transmitters could be operated by thermoelectric generators if the 

temperature difference across the device is maximized. Here, we demonstrate a novel strategy to 

increase overall thermoelectric conversion efficiency near room temperature (≈30°C) through heat 

transfer enhancement between the thermoelectric generator and the atmosphere by utilizing the 

latent heat of atmospheric water, radiative cooling, and enhanced surface area. To maximize 

sorption and emissivity, we coat porous copper substrates with metal-organic frameworks. 

Thermoelectric generators interfaced with our heat sinks exhibit 50-70% enhancement in the 

overall heat transfer coefficient resulting from the increased surface area due to particle binding 

and the material properties of metal-organic frameworks. Furthermore, our proof-of-concept 

experiments reveal ≈100% increase in the total electromotive force generated by the thermoelectric 

generator within 30 minutes. Our work not only introduces a novel method to enhance 

thermoelectric conversion efficiency but also provides physical insight onto the link between 

sorption and thermal processes.  

 

HIGHLIGHTS 

• Passive and ecological thermal management through metal-organic framework coatings 

• Desorption and radiation lead to ≈300% increase in the thermoelectric power 

• Further enhancement possible through optimized design and operation 

• Numerical optimization to determine the best possible enhancement scenario  

 

KEYWORDS: Metal-Organic Framework, Thermoelectric Generator, Atmospheric Water 
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TEG    Thermelectric Generator 

IoT    Internet-of-Things 

MOF    Metal-Organic Framework 

PVB    Polyvinyl Butyral 
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Cu50    50% Porous Copper 

Cu80    80% Porous Copper 

Cu90    90% Porous Copper 

Cu80BP   Cu80 with a 1mm Backplate 

Cu90BP   Cu90 with a 1mm Backplate 

SEM    Scanning Electron Microscope 

XRD    X-ray Diffraction 

DSC    Differential Scanning Calorimetry 

LFA    Laser Flash Analysis 

FTIR    Fourier-Transform Infrared Spectroscopy 

T    Temperature (°C) 

RH    Relative Humidity (%) 

C    Concentration (mol/mol) 

t    Time (min) 

r    Radius (µm) 

Dc    Intercrystalline Diffusivity (m2/s) 

mup    Normalized Water Uptake (mg/mg) 

m∞    Normalized Water Uptake Capacity (mg/mg) 

Rs    Sorbent Crystal Radius (µm) 

t1/2    Time of Half Adsorption (min) 

ε    Spectral Emission 

R    Spectral Reflection 

T    Spectral Transmission 

h    Overall Heat Transfer Coefficient (W/m2K) 

Th    Hot Side Temperature of the TEG (°C) 

T∞    Ambient Temperature (°C) 

hss    Overall Steady State Heat Transfer Coefficient (W/m2K) 

q    Heat Transfer (J) 

qtot    Total Heat Supply (J) 

�̇�    Heat Flux (W/m2) 

Ac   Cross Sectional Area (m2) 

N/A    Not available 

Ra    Rayleigh Number 
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xi    Property x of the i’th body 

m    Mass (g) 

cp    Specific Heat Capacity (J/gK) 

As    Surface Area (cm2) 

Ts    Surface Temperature (°C) 

hn    Heat Transfer Coefficient of Natural Convection (W/m2K) 

σ    Stefan-Boltzmann Constant (5.67x10-8 W/m2K4) 

ṁ    Rate of Desorption (mg/s) 

hdes    Latent Heat of Desorption (J/g) 

qc    Heat Flux due to Conduction (W/m2) 

L    Thickness (mm) 

k    Thermal Conductivity (W/mK) 

Exp    Experimental 

Num    Numerical 

V    Thermoelectric Voltage (mV) 

Vss    Steady State Thermoelectric Voltage (mV) 

EMF    Total Electromotive Force (V·s) 

P    Electrical Power (W) 

I    Electrical Current (A) 

mmof    Mass of MOF (mg) 

 

1. INTRODUCTION 

Thermoelectric devices are important apparatus that show great promise in the future of clean 

energy with applications such as power generation[1], waste heat recovery[2, 3], and refrigeration 

systems[4]. These devices utilize materials that exhibit thermoelectric effect, which is the direct 

conversion of thermal gradients into electrical voltage due to material properties[5]. However, 

generated power is usually insufficient for large scale applications and thus thermoelectric 

generators (TEGs) were unable to replace traditional fossil-fuel based power generation systems[6]. 

With the enhanced necessity of internet-of-things (IoT) devices motivated by the social demands 

and data technology, a need for self-powered sensors/transmitters that require minuscule power 

(~100µW) to operate near room temperature has surfaced[7]. TEGs have been shown to be 

effective candidates for these applications provided that efficient devices are developed[8]. For 

this purpose, numerous studies have been performed to increase the overall thermoelectric 

conversion efficiency[8, 9]. These research efforts thus far have mostly focused on developing 

efficient thermoelectric materials[8-11]. On the other hand, there has been limited research on 

performance enhancement through thermal management of the thermoelectric devices[12]. In 

reality, thermal management solutions such as liquid cooling (forced convection) often cannot be 

used for small devices such as TEGs due to the difficulty in generating fluid flow in remote places, 
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yielding a bottleneck for energy harvesting using TEGs. Therefore, effective thermal management 

of thermoelectric devices to increase the overall thermal efficiency could lead to a significant 

breakthrough in the future of clean energy since TEGs are passive devices, in other words, they do 

not require any additional energy input to operate while also not producing any poisonous 

gases[13], making them attractive for green energy applications. 

 

Thermal management of heat exchanger surfaces has been a topic of interest over the last decades 

and several important results have been published in the literature focusing on different techniques 

such as surface area enhancement[14-17], phase change heat transfer[18-22], and radiative 

cooling[23-26]. Surface area enhancement is typically performed by interfacing a finned structure 

such as a heat sink made of a high thermal conductivity material. Even though heat transport with 

the surroundings is effectively increased, fin efficiency of most finned structures are limited by 

dimensional constraints such as the fin length and fin spacing[27, 28]. Optimum fin efficiency 

calls for careful design for specific applications through optimization studies, which is not ideal. 

Furthermore, finned structures typically provide more benefits when exposed to an air flow rather 

than in still air due to limited generation of convective currents between the fins, requiring diligent 

design[29].   

 

An effective thermal management solution is to induce phase change on the heat exchanging 

surface[30-32]. Phase change heat transfer is vital for thermal management due to the high latent-

to-specific heat of most liquids and have been extensively studied in the past[33, 34]. Introducing 

evaporative cooling on surfaces have been shown to enhance heat transfer coefficient by as much 

as 500 times when compared to regular natural convection[35]. Hence, effective employment of 

phase change of water has the potential to deliver significant performance enhancement on thermal 

devices. Another efficient way to thermally manage systems is to enhance emission from hot 

surfaces[36]. Radiative heat transfer is important for low temperature applications under still 

air[37]; hence, coating the surfaces with highly emissive materials in the infrared region have been 

reported to be beneficial for thermal management[36, 38, 39]. A combination of increased surface 

area, increased opacity in the infrared, and thermal management through phase change has a 

potential to yield an effective thermal management solution for heat exchanging surfaces.   

 

For power generation, the cold side surfaces of the TEGs are in contact with the atmosphere and 

the heat is harvested from the other side (i.e. hot side) that is at a higher temperature. Here, we 

investigate the use of metal-organic framework (MOF) coatings on the cold side of TEGs to 

enhance overall performance. MOF particles have been reported to be highly effective at 

harvesting water from the atmosphere due to their high surface area, high porosity and water 

stability[40, 41]. In fact, certain MOFs were shown to uptake more water than their weight when 

exposed to the atmosphere for a sufficient amount of time[42]. Desorption of the adsorbed 

atmospheric water at the operating temperature would potentially lead to enhanced thermal 

performance through the introduction of latent heat into the system, effectively leading to a 

pseudo-evaporative cooling effect on the cold side of the TEG. Furthermore, different MOFs were 

developed for different humidity conditions (such as arid and humid environments)[43]; therefore, 

coating properties are highly tunable[41]. Certain MOF layers have also been shown to possess 

high emissivity[44], which would lead to further cooling effect by radiation (emission to the 

atmosphere). These properties make MOF particles highly attractive for thermal applications[45].   
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To determine the effect of MOF coatings on the TEG performance, we coat different MOF 

powders (MOF-Cr-101, MOF-303, and MOF-801) on porous copper structures (0-88% porosity), 

and parametrically study sorption and thermal properties to find the optimal thermal management 

scenario. We focus on near-room-temperature and body temperature applications (≈30°C) where 

the thermoelectric devices could undergo passive operation. By placing our heat sinks directly on 

the TEGs and operating our system in adsorption/desorption cycles to replicate the hourly changes 

in the ambient conditions for IoT devices, we ensure maximum thermoelectric performance. Our 

experiments display as much as 100% increase in the overall electromotive force generated by a 

TEG in 30 minutes due to the added surface area, emissivity, and evaporative cooling effects 

through the MOF coating. We also carry out numerical optimization to find the optimum MOF 

coating mass for enhanced thermal performance. The outcomes of this work shed light onto the 

thermal aspects of adsorption/desorption processes and offer new avenues to enhance the 

efficiency of TEGs.   
 

2. MATERIALS AND METHODS 

2.1 Sample Preparation 

Summary of the sample preparation process is given in Fig. 1A. In detail, commercially available 

copper sheets (Cu0, 2 mm thickness, Nilaco, #CU-113551) and aluminum sheets (0.5 mm 

thickness, Nilaco, #AL-013461) were sliced to desired experimental dimensions using a wire 

cutter (Musashino Denki CS-203). Furthermore, sheets of porous copper with 50% (Cu50, 

Nagamine Manufacturing), 80% (Cu80, Nagamine Manufacturing MF-80A), and 88% (Cu90, 

Nagamine Manufacturing MF-40) porosities were obtained for the heat sink design to increase the 

amount of coated MOF powders. Optical microscopy images of the copper substrates are given in 

Fig. 1B-E. Half of the MF-40 and MF-80A pieces were attached to a 1 mm thick copper plate to 

increase thermal contact with the TEG surface, while the other half was left as a porous foam for 

the fundamental experiments. Powders of MOF-801 and MOF-Cr-101 were obtained from 

commercially available resources (GS Alliance). MOF-303 was precured in the laboratory 

environment following a procedure similar to the literature[46]. 15g of 3,5-pyrazoledicarboxylic 

acid monohydrate (Sigma Aldrich #303180-11-2) was dissolved in 1.5 kg deionized water (Sigma-

Aldrich #7732-18-5) and 75 g LiOH solution (Sigma-Aldrich #1310-65-2).  The solution was 

heated on a hot plate for 30 minutes at 135 °C, followed by the addition of 22.5 g aluminum 

chloride hexahydrate (Sigma-Aldrich #7784-13-6). The solution was shaken in a sonicator for 24 

hours at 43 kHz. The solution was subsequently transferred to a furnace at 100°C and kept for 16 

hours. The precipitate was washed with water, methanol (Sigma-Aldrich #67-56-1) and shaken for 

another 24 hours at 43 kHZ inside methanol. Thereupon the substrate was left to dry in air for 3 

days, followed by drying in a vacuum chamber at 150°C for 16 hours. The yield was 10.5 grams. 
 

To coat the MOF powders onto the metal sheets, liquid-based solutions were prepared following 

the same recipe (weight based). 1 g of MOF powder was mixed with 2 g of deionized water 

(Sigma-Aldrich #7732-18-5) and 6.4 g of ethanol (Sigma-Aldrich #64-17-5) and mixed rigorously 

for 2 minutes. The obtained solution was mixed in a shaker (As One ASU-6D) at 43kHz for 45 

minutes. After a uniform solution was obtained, 0.5 g of the catalyst solution (1:7 weight ratio 

polyvinyl butyral [PVB, Sigma-Aldrich #63148-65-2]:ethanol solution) was added to the mixture 

and vigorously stirred until the desired texture is obtained, followed by shaking in the shaker for 

60 minutes. Obtained mixtures were applied onto the surface of the copper sheets using a pipette 

for uniform coating. Coated samples were dried in two different ways; 1) inside a vacuum chamber 

and 2) on a hot plate exposed to the surroundings. The coating entailed ≈5% PVB with respect to  
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weight; therefore, the properties of PVB (density and specific heat) were neglected throughout the 

manuscript. 

1) Wet samples were placed into the vacuum chamber (ETTAS, AVO-200NB) inside a glass vial 

and kept at 70°C under high vacuum for 150 minutes, followed by 125°C for 150 minutes. To 

ensure that all water in the solution evaporated, the samples were finally kept at 150°C for an 

additional 60 minutes. The amount of MOF deposited onto the surface was monitored by 

measuring the weight of bare copper sheet (i.e. no solution) and measuring the weight of the 

Fig. 1. Details on the Synthesis Procedure. (A) The overall process to synthesize the MOF coated 

heat sinks. Optical microscopy images for (B) Cu0, (C) Cu50, (D) Cu80, (E) Cu90. (F) SEM image 

of MOF-Cr-101 powder. (G) SEM image of MOF-303 powder. (H) SEM image of MOF-801 

powder. (I) Photograph of Cu50 with no coating. (J) Photograph of Cu50 with MOF-Cr-101. (K) 

Photograph of Cu50 with MOF-303. (L) Photograph of Cu50 with MOF-801. 
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coated copper sheet right after the drying process is done. The difference was normalized 

according to the weight of the PVB that was deposited onto the surface with the MOF particles. 

Typically, 7 mg/cm2, 10 mg/ cm2, 18 mg/ cm2, and 16 mg/ cm2 of MOF was deposited for Cu0, 

Cu50, Cu80, and Cu90, respectively. Photographs of the coated samples are given in Fig. 1I-

L.   

2) For simplicity and cost, we established another way of preparing the MOF coated samples. 

Wet samples were placed on top of a hot plate at 75°C for 150 minutes, followed by 140°C for 

150 minutes. The weights of the dry samples were subsequently measured on a sensitive scale 

to characterize the deposited MOF amount. Similar amounts of MOF deposition with 

procedure (1) were attained. Furthermore, it was seen that the samples performed similarly in 

terms of adsorption and heat transfer, as well (please refer to Results, Ambient Dried Samples). 

Hence, it is evident that MOF deposition process could also be achieved through a trivial and 

inexpensive process.  

 

2.2 Characterization of MOF Powders 

To obtain the required physical properties and have a deeper understanding of the heat transfer 

enhancement mechanism, we experimentally characterized the MOF powders. Scanning electron 

microscopy (SEM, Hitachi S-4800) was performed to investigate the crystal structure and particle 

size of the MOF powders (Fig. 1F-H). SEM was performed at 3-5 kV. The crystal structures were 

verified using X-ray diffraction (XRD, Rigaku SmartLab, Fig. S2). Furthermore, differential 

scanning calorimetry (DSC, Netzsch DSC3500 Sirius) was performed to obtain the specific heat 

capacity of the powders (Fig. S3). Density of powders were characterized using a gas pycnometer 

with helium flow (Anton Paar Ultrapyc 5000 Micro). Finally, water uptake of each powder was 

investigated to obtain their transient adsorption/desorption dynamics (Fig. 3). 300 mg of each 

powder were tested under controlled environmental conditions (T∞≈22.5°C, RH≈50%, 60%, 70%) 

inside an environmental chamber (Orion AP-750MVK-E1). Weight measurements were 

performed on a sensitive analog scale (Shimadzu ATX224). 

 

2.3 Characterization of MOF Coated Substrates 

Water uptake experiments were performed inside an environmental chamber similar to the powder 

characterization case. Heat transfer experiments were performed on a heat flux sensor (Hioki 

Z2016-01) sandwiched between the heat sink and a hot plate (Corning PC400-D). Heat flux and 

surface temperature were recorded by a handheld data logger (Graphtec GL240). Sampling rate 

was 1-5 seconds. Weight measurements were performed on a sensitive scale for smaller samples 

(Shimadzu ATX224) and on an electronic scale with data recording feature for larger samples 

(Sartorius Cubis MCA3203S-2S01-R). Effective thermal diffusivity of the samples near room 

temperature were obtained through laser flash analysis (LFA, Netzsch LFA467 Hyperflash). 

Effective thermal conductivity values were calculated from the measured thermal diffusivity 

values combined with the predetermined density and specific heat information (please refer to 

Supplementary Note S2). Spectral emissivity values were obtained through Fourier Transform 

Infrared (FTIR, Shimadzu LabSolutions IR) Spectroscopy (Fig. S5). Emissivity was calculated by 

averaging the spectral emissivity values with respect to the Planck’s function[47]. Pore structures 

were visually investigated using optical microscopy (Fig. 1, Olympus BX53M). Bulk values of the 

important physical properties are reported in Tables S2-S3. 
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2.4 Experimental Procedure 

A detailed schematic of the main experimental setup is given in Fig. 2. Briefly, it consists of a 

sensitive analog weight scale to log the weight of the samples (Shimadzu ATX224), an 

environmental chamber to have control over the ambient conditions (Orion AP-750MVK-E1), and 

a hot plate (Corning PC400-D) interfaced with a heat flux sensor (Hioki Z2016-01). Ambient 

temperature and relative humidity were measured using a hygrometer (Ondotori TR-72wf). 

Dewatered substrate was positioned inside the already stabilized environmental chamber and its 

mass was recorded every 5 minutes to study the water uptake dynamics. Meanwhile, the hot plate 

inside the environmental chamber was stabilized at a set value of 35°C. Note, setting the hot plate 

temperature to 35°C yields a steady-state temperature value of ≈32.7°C. This value was selected 

because of its proximity to human skin temperature [48] and since it lies within the safe operational 

temperature limits of IoT devices. Furthermore, the ambient temperature was set to be 22.5°C to 

represent the seasonal and daily changes in the room temperature. After adsorption process was 

Fig. 2. Experimental Setup for the Heat Transfer Experiments. (A) Overall setup for the heat 

transfer experiments. The experiments are carried out inside an environmental chamber to precisely 

control the ambient conditions. (B) The desorption process is carried out on a hot plate interfaced 

with a heat flux sensor. (C) The adsorption process is carried out on a sensitive weight scale.  
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complete, fully saturated substrate was placed on the heat flux sensor interfaced with the hot plate 

and kept there for 30 minutes while the heat flux and surface temperature were recorded (with a 

sampling rate of 5 seconds). After the ON phase was complete, the weight of the sample was 

measured to determine the desorption amount. The sample was allowed to cool down to the 

ambient temperature and subsequently adsorb atmospheric water for 30 minutes. Afterward, the 

cycle was repeated. Here, while the weight of larger samples (>9cm2) could be constantly 

monitored using the electronic scale (with a sampling rate of 5 seconds, the sensitivity of the 

electronic scale was not sufficient for smaller substrates (<9cm2). Thus, the weight of the smaller 

samples was only recorded at the start and end of each phase. The process was repeated for 

different MOF powders (MOF-Cr-101, MOF-303, MOF-801), host samples (Cu0, Cu50, Cu80, 

Cu90) and relative humidity values (50%, 60%, 70%). Furthermore, we used a thermoelectric 

module (KELK, KTGS066A00) with multiple p-n junctions and a solid top plate for our proof-of-

concept experiments. Table S6 summarizes the uncertainties associated with the different 

measurements during the experiments.   

 

3. RESULTS 

3.1 Proposed Heat Sink and Operation 

We coated porous copper substrates of different porosities (0-88%) with MOF powders to harvest 

atmospheric water from ambient air to obtain passive heat sinks with favorable cooling 

performance. Our heat sinks are simply attached to the cold side surface of the TEGs for passive 

operation utilizing adsorption and desorption of water vapor (Refer to Fig. S1 for the device 

configuration of interest). Adsorption is a surface phenomenon that occurs when the surface energy 

is lower than the energy of the vapor pressure driven gas. This happens in two ways; 1) at low 

surface temperatures, 2) at high relative humidity conditions. Desorption is the opposite 

phenomenon of adsorption, happening at 1) high surface temperature, 2) low relative humidity 

conditions. Hence, variations in the atmospheric conditions could induce adsorption and 

desorption of water in the sorbents. Since IoT devices are exposed to varying ambient conditions, 

their thermal management could be passively performed utilizing the sorption cycle of water vapor.  

Effective vapor pressure gradients formed due to the changes in the relative humidity lead to 

continuous desorption of the adsorbed water (adsorbed when the relative humidity is high, 

typically nighttime) from the surface for elevated periods (desorbed when the relative humidity is 

lower, typically daytime), ensuring maximum performance. On the other hand, characterization of 

the heat sink performance depends on a multitude of factors including relative humidity, 

adsorption capacity, and surface temperature. 

 

To study the physics more accurately, we have approximated the variations in ambient relative 

humidity as cycles of operation for our experiments. Particularly, we operated our heat sinks in 

ON/OFF cycles when interfaced with TEGs (ON and OFF denote contact and no contact with the 

TEG, respectively). During the OFF phase, the heat sink surface temperature is reduced such that 

it adsorbs atmospheric water and thermalizes with the surroundings, imitating the nighttime. On 

the other hand, during the ON phase, contact with the TEG is established to increase the surface 

temperature and the adsorbed water is desorbed to create an evaporative cooling effect to enhance 

thermoelectric performance. To perform the experiments, we constructed an experimental setup 

consisting of a hot plate to imitate the TEG, a sensitive weight scale to monitor water 

adsorption/desorption, a heat flux sensor to record the thermal data, and an environmental chamber 

to control the ambient conditions (Fig. 2). The experimental setup and the procedure are described 
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in detail in the Experimental section. Operating the system in cycles not only ensures the 

maximization of evaporative cooling by continuously introducing fresh water to desorb into the 

heat sinks (similar to the daily fluctuations envisioned to happen for IoT operation) but also cuts 

down on the experiment time to study more parameters affecting the thermal performance 

effectively.  

 

3.2 Properties of MOF  

To observe the adsorption/desorption dynamics of the MOF powders with respect to time, 300 mg 

of each powder was initially dried on a hot plate (T=150°C) for 60 minutes, followed by placing 

them inside an environmental chamber with predetermined ambient conditions (T∞=22.5°C, 

RH=50%, 60%, and 70%). Water uptake under different ambient conditions was monitored using 

a sensitive analog scale. Adsorbed atmospheric water was subsequently desorbed on a hot plate 

(T=32.5°C) for another hour. The results show that as the humidity increases, the rate of water 

uptake (i.e. speed of adsorption) also increases (Fig. 3). The experimental fit lines for the analyses 

were obtained through the consideration of mass diffusion theory. Assuming isothermal substrate 

(isothermal diffusion) and spherical powder crystals, Fick’s law of diffusion gives the time rate of 

change in the concentration as[49]: 

∂𝐶

∂𝑡
=   

𝐷c

𝑟2

𝛿

𝛿𝑟
(𝑟2

𝛿𝐶

𝛿𝑟
), (1) 

where C is the concentration, t represents time, r represents the radius, and Dc symbolizes the 

intracrystalline diffusivity. Assuming that the particle size and the diffusivity stay constant during 

the mass diffusion process, the solution of Eq. 1 becomes: 

𝑚up =   𝑚∞ [1 −
6

𝜋2
∑

1

𝑛2

∞

𝑛=1

exp (−
𝑛2𝜋2𝐷c

𝑅𝑠
2

𝑡)], (2) 

where mup represents the normalized water uptake (mg of adsorbed water per mg of MOF mass), 

m∞ represents the normalized water uptake capacity (t = ∞), and Rs represents the sorbent crystal 

radius (MOF particle radius). We can further simplify Eq. 2 as shown in the literature, given in Eq. 

3 as[50]: 

𝑚up =   𝑚∞ [1 − exp (−
𝑡

𝑡1 2⁄
)], (3) 

where t1/2 represents the time it takes to adsorb half of the adsorption capacity. Since the time it 

takes to uptake as much water as the adsorption capacity depends on the mass of tested MOF, it 

was not possible to obtain a single t1/2 value for these experiments. Hence, we have modified the 

adsorption capacity coefficients to represent our experiments more accurately, as well as to 

increase the fidelity of our numerical calculations (such that m∞ became m∞,* denoting the predicted 

maximum adsorption immediately after 60 minutes). The coefficients of the experimental fits are 

given in Table S1 of the supplementary information along with the R2 values. High R2 values 

indicate a good agreement between the expected physical trend and our experiments which is 
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evident from Fig. 3. Furthermore, our results for MOF-801 were in good agreement with previous 

works that studied the transient water adsorption dynamics of MOF powders[51].  

Fig. 3. Water Uptake Dynamics of MOF Powders. Water adsorption/desorption dynamics for 

300 mg of each powder at (A) RH=50%, (B) RH=60%, (C) RH=70%. Adsorption was performed 

at T∞=22.5°C and Th=22.5°C, while desorption was performed at T∞=22.5°C and Th=32.5°C. The 

symbols denote experimental values (solid symbols represent adsorption, hollow symbols 

represent desorption), while the lines represent (solid lines represent adsorption, dashed lines 

represent desorption) fits obtained from the theoretical trend (Eq. 3). 
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Another observation from Fig. 3 is that MOF-801 performs better in terms of adsorption than the 

other two for lower relative humidity environments (50% RH), while MOF-Cr-101 performs better 

than the other pair for higher relative humidity values (70% RH). Further investigation of Fig. 3 

reveals that the adsorption capacities of the powders depend heavily on the relative humidity. This 

dependence is lower for MOF-303 and MOF-801 which were primarily developed for salination 

purposes in arid environments[52, 53]. However, MOF-Cr-101 is sensitive to relative humidity 

changes and its adsorption capacity doubles with every 10% relative humidity change (in the 

studied range of 50%-70% RH). These results are in perfect agreement with the adsorption 

isotherms reported in the literature[53, 54]. It is also seen that the slope of the uptake curve after 

the 60-minute cycle changes from flat (50% RH) to steep (70% RH), indicating that water 

adsorption continues after 60 minutes for the 70% RH case, whereas a plateau is observed 

(adsorption stops) for the 50% RH case. This can also be observed from the modified adsorption 

capacity coefficients given in Table S1. Sensitivity to relative humidity changes also represents 

that MOF-Cr-101 is susceptible to any imbalances in the vapor pressure values. Hence, it desorbs 

higher amounts of water compared to the other pair in the studied region due to a more rapidly 

decreasing water uptake limit with increasing vapor pressure gradient. This behavior could be seen 

from the adsorption isotherms of the MOF in the literature, where the shift for MOF-Cr-101 occurs 

at a much higher relative humidity (~55%) value when compared to the other pair (~15%) [44, 53]. 

The response of water uptake limit to vapor pressure change was extensively studied in the 

literature and will not be reproduced here[52, 54]. On the other hand, theory suggests that 

desorbing large amounts of water would be more beneficial in terms of inducing an evaporative 

cooling effect on surfaces; hence, characterization of powders is an important step in determining 

the best candidates for thermal management. Therefore, higher desorption near standard ambient 

conditions (50-60% RH) makes MOF-Cr-101 attractive for thermal management applications due 

to the stronger evaporative cooling potential it holds.    

Understanding the physical properties of the formed layers is imperative in determining the 

optimum thermal management scenario under different conditions. Properties such as thermal 

conductivity and emissivity of the layer have a direct effect on the bulk thermal properties, while 

microscale properties such as particle size determines sorption behavior of the final coating. 

Therefore, we experimentally characterized distinct physical phenomena to elucidate the physics 

associated with thermal management through MOF coatings (Table S2). Furthermore, X-Ray 

Diffraction (XRD) was performed to compare the crystal structures of powders and the respective 

peaks were noted (Fig. S2). The results of Table S2 shows that the powder density of MOF-Cr-

101 is the lowest, meaning more MOF would be deposited per unit volume on the cooling surface 

(Supplementary Note S1), effectively increasing the total water uptake. It is also seen that the 

thermal conductivity of MOF-Cr-101 coating is the lowest, which may lead to lower cooling 

potential when coated on surfaces (Supplementary Note S2). Another important phenomenon to 

quantify is the specific heat capacity of the powders (Details of the specific heat capacity 

measurements and analyses are given in Supplementary Note S3, as well as Fig. S3). The results 

(both experimental and theoretical) show that MOF-Cr-101 and MOF-303 display higher specific 

heat capacity than MOF-801. Therefore, it can be concluded that it is easier to increase the 

temperature of MOF-801 when compared to the other pair, which may introduce some drawbacks 

into the system in terms of cooling performance. To accurately determine the combined effects of 

these properties and the optimal cooling solution, numerical and experimental analyses are 

presented through the course of this manuscript. 
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3.3 Properties of Copper Substrates 

Copper was selected as the skeleton for the heat spreading material due to its high thermal 

conductivity and ease of acquisition. Physical properties such as specific heat and thermal 

conductivity were studied for coppers of different porosity (0-88%) and the results are given in 

Table S3 of the supplementary information. Investigation of Table S3 reveals that the thermal 

conductivity rapidly decreases as the porosity increases due to the extra void space inside the 

material as evident from theory[55]. Thermal conductivity reduction is not the best scenario for a 

heat sink since the heat must be effectively carried away from the cooled surface. On the other 

hand, the surface area rapidly increases as the porosity increases which has a positive impact on 

the cooling performance due to the enhancement in heat transport with the surroundings per unit 

volume. Furthermore, MOF powders could also be coated inside the pores, effectively increasing 

the total adsorption/desorption due to the added sorbent mass. Hence, these substrates need to be 

carefully studied to see which effect prevails. To research these effects effectively, copper 

structures of four different porosities were selected for the parametric studies. Specifically, Cu0 

was selected for maximum thermal conductivity and minimum adsorption/desorption, Cu50 was 

selected for intermediate thermal conductivity and adsorption/desorption, and Cu80 and Cu90 

were selected for lower thermal conductivity but maximum adsorption/desorption from the surface. 

To ensure optimum contact and heat load delivery into the porous structure, we interfaced our 80% 

and 90% porous coppers with a 1 mm backplate made of non-porous copper, terming them 

Cu80BP and Cu90BP. While fabricating a porous copper of <75% is difficult with the current 

fabrication methods, they could be commercially obtained. The fabrication processes of copper 

foams were beyond the scope of this study.   

3.4 Properties of MOF Coated Heat Sinks 

To determine how the adsorption/desorption behavior of MOF coated heat sinks differed from the 

powders, each MOF powder was coated carefully on the copper substrates and the water uptake 

dynamics (adsorption) were analyzed over the course of 60 min (Fig. S4). Conclusions similar to 

the case of MOF powders are drawn for the adsorption speed relative to the water vapor 

concentration (relative humidity) of the environment. It is evident from Fig. S4 that the decreased 

MOF content leads to a substantial increase in the adsorption rate observed by the increased 

amounts of normalized water adsorption. It is also seen that MOF-303 and MOF-801 reach their 

adsorption limits fast, while for MOF-Cr-101 adsorption is typically slower even though its 

adsorption capacity is greater under high humidity conditions. Another interesting revelation of 

Fig. S4 is that adsorption happens much faster for Cu0 and Cu50 compared to their highly porous 

competitors (Cu80BP and Cu90BP). This is explained by the ease of mass diffusion on the surface 

compared to inside the pores. Furthermore, typically more MOF is coated on the porous substrates 

than on the flat surface (~3X) due to the availability of the void volume inside the structure, 

effectively increasing the mass of coated MOF. This, together with the closeness to the open 

atmosphere, explains the change in the adsorption speed. The results of Fig. S4 further display that 

the choice of the powder is highly application specific and should be carried out considering the 

thermal requirements of the system. For example, while MOF-Cr-101 would work better for humid 

environments, MOF-801 would be more suitable for arid environments.     

Another important mechanism that impacts the thermal performance of TEGs is the radiative heat 

transfer from the surface. Most of the TEGs are sandwiched between metal plates of high 
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reflectivity. One main advantage MOF layers has is their high opacity to infrared radiation (i.e. 

high emissivity), allowing them to emit the excess energy through radiation[44]. This phenomenon 

could induce a drastic increase in the steady state cooling performance. To characterize the 

radiative properties of the layers, we conducted transmission and reflection spectroscopy in the 

infrared radiation regime using FTIR Spectroscopy. The results for the emission of MOF layers of 

similar thickness (≈100µm), where spectral emission is ε=1-R-T (where R and T are spectral 

reflection and transmission, respectively), are given in Fig. S5 of the supplementary information. 

Using this information and spectrally weighing the FTIR values with Planck’s function at 305K 

(close to our working temperature), we obtain emissivity values of 0.99, 0.98, and 0.99 for MOF-

Cr-101, MOF-303, and MOF-801, respectively. The high values indicate that MOF coatings 

perform cooling by radiation effectively. Note here that the thermoelectric system is assumed to 

have no exposure to sunlight and thus ultraviolet-visible-near infrared radiation properties were 

beyond the scope of this study. However, the bright white colors of MOF-303 and MOF-801 

suggest high reflectivity to solar radiation in the visible regime. 

 

Finally, physical properties of the MOF coated heat sinks such as thermal conductivity play a 

significant role in enhancing the thermal performance of the thermoelectric device. To determine 

the physical properties of MOF coated heat sinks, experimental characterization methods were 

utilized. Laser Flash Analysis (LFA) was performed on the coated samples to obtain the effective 

thermal diffusivity values. Effective thermal conductivity was calculated using effective thermal 

diffusivity, effective specific heat capacity and total density. Rule of mixtures was assumed for 

effective specific heat capacity calculations since the copper and MOF specific heat capacity 

values were already experimentally determined.  

 

3.5 Thermal Characterization 

To quantify the heat transfer enhancement using porous structures with/without MOF layers, we 

performed heat transfer experiments on a hot plate interfaced with a thermocouple integrated heat 

flux sensor (see Materials and Methods, Experimental Setup). Experiments were carried out in 30 

minutes ON/OFF cycles, where ON represents the desorption phase with the hot plate turned on 

and OFF represents the adsorption phase with the hot plate turned off. An illustration of the cycle 

with the typical heat transfer coefficient values for with/without MOF cases are given in Fig. 4. 

The results show a drastic increase in the overall steady state heat transfer coefficient (hss) due to 

ongoing slow desorption and added radiative cooling which stems from the enhanced emission 

from the surface. Here, note that hss is calculated by dividing the average steady state heat flux 

value (15-30 min) to the average temperature difference between the cold-side of TEG and the 

surroundings. Furthermore, we observe an increase in the initial transient phase (t<300 s) due to 

unsteady heat. This effect could be further enhanced, both in terms of increasing the mass flux and 

shifting the effective transient cooling time to beyond 300 seconds, by applying a larger 

temperature gradient and/or increasing the coating weight to increase the effective specific heat 

capacity and the desorption rate at a given instant. These effects were left for future studies to 

explore since the focus of this study is to investigate practical applications for near-room-

temperature thermoelectric devices. Additionally, the blue stars (secondary axis) on Fig. 4 

represent the normalized water mass in the heat sink, and it is seen that the water mass changes 

due to adsorption/desorption during ON/OFF phases. The desorption during the ON phase 

contributes to the enhancement of heat transfer coefficient. 
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To determine the optimum performance scenario under different conditions, we experimentally 

examined the cooling performance of copper surfaces of different porosity (0-88%) with/without 

MOF coatings. The results of the analyses are summarized in Table 1. From Table 1, we can 

immediately notice that the overall steady state heat transfer coefficient shows a significant 

increase (30-70%) when the copper substrates are coated with MOF. Moreover, a similar increase 

is observed in the total heat supply within 30 minutes (𝑞tot = ∫ 𝑞(𝑡)𝐴c
̇𝑡=30 min

0
𝑑𝑡 where qtot, �̇�, 

and Ac represent the total heat supply, heat flux, and cross-sectional area, respectively), indicating 

the effectiveness of MOF coatings. To better isolate the effect of MOF coatings on thermal 

performance, thermal behavior of bare copper substrates without any coating needs to be well 

understood. Studying the first rows of each sample (denoted N/A, Table 1) we see that the thermal 

Fig. 4. Experimental Operation of the Device. The experiments were performed in cycles of 30 

min adsorption (OFF phase) and desorption (ON phase) to replicate the changes in the ambient 

conditions. The heat sink is removed from the hot surface during the OFF phase (30-60 min), 

reflected as a decrease in the overall heat transfer coefficient due to lower surface area and 

emissivity of the hot surface, as well as the removal of the evaporative cooling effect. Blue stars 

represent the relative water mass. Experiments were performed at T∞=22.5°C, RH=70%, and 

Th=32.5°C for the ON phase and T∞=22.5°C, RH=70%, and Th=22.5°C for the OFF phase. Results 

of the complete analyses are given in Table 1. 
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performance deteriorates with increasing relative humidity. This is associated with the increasing 

effective mass of ambient air with increasing water concentration, blocking the generation of fluid 

motion by gravitational forces, leading to a weaker cooling effect by natural convection 

(represented as a decrease in the Ra number)[56]. It is also important to compare the effects of 

effective thermal conductivity and exposed surface area on the thermal performance of the heat 

sink. Note that these comparisons should be performed at a lower humidity (50% in this case) in 

order to better isolate the effects of natural convection (and hence surface area enhancement). 

Comparing Cu0, which possesses much higher thermal conductivity, to Cu80BP, which possesses 

much higher surface area, we can notice some interesting behavior in the performance. We first 

note that the porous substrate (Cu80BP) shows a higher (+15%) overall steady state heat transfer 

coefficient due to the increased surface area, leading to increased heat transfer with the 

surroundings. Furthermore, the emissivity of the porous structure is also higher than the non-

porous copper due to added roughness on the surface, leading to higher adsorption of the infrared 

photons[57]. However, we notice that the total heat supply is similar for both cases since the higher 

heat flux values in the transient phase, stemming from a higher thermal conductivity, compensate 

for the lower steady state heat transfer coefficient for the Cu0. Furthermore, Cu50 represents the 

importance of thermal conductivity (4X reduction from Cu0) and surface area (2X increase from 

Cu0) by displaying the minimum performance of the pair. Therefore, selection of the heat sink 

should be carefully performed depending on application-specific requirements. 

 

Table 1. Results of the Heat Transfer Experiments. Overall heat transfer coefficient (hss) and 

total heat supply in 30 min cycles (qtot) for different substrates, coatings, and ambient conditions. 

    50% RH 60% RH 70% RH 

Sample 
Porosity 

[%] 
Coating 

MOF 

Amount 

[mg] 

hSS 

[W/m2K] 

qtot 

[J] 

hSS 

[W/m2K] 

qtot 

[J] 

hSS 

[W/m2K] 

qtot 

[J] 

Cu0 0 

N/A N/A 13.49 92.65 13.48 92.5 13.22 81.66 

101 22.7 18.58 114.9 19.91 120.7 20.27 118.1 

303 17.0 19.01 117.2 17.67 108.8 18.64 111.9 

801 23.6 19.57 117.1 18.42 112.5 18.51 110.1 

Cu50 50 

N/A N/A 13.29 77.3 13.27 76.7 13.12 70.2 

101 28.5 17.60 96.4 20.17 116.0 19.67 108.5 

303 27.0 17.34 96.1 16.86 95.4 17.97 98.9 

801 35.9 17.67 100.9 16.47 95.2 17.54 94.3 

Cu80BP 80 

N/A N/A 15.11 91.9 15.08 91.8 13.55 76.8 

101 57.0 20.25* 119.3 24.91* 139.0 23.94* 130.9 

303 32.0 18.99 108.5 18.02 106.5 20.54 114.1 

801 57.5 17.92 104.4 17.15 100.2 17.54 99.3 

Cu90BP 88 

N/A N/A 15.41 91.6 15.35 91.5 13.60 75.9 

101 48.5 17.42 99.4 20.07 109.9 19.36 104.6 

303 31.7 16.94 97.7 16.7 95.0 18.34 99.7 

801 54.3 19.12 115.6 18.87 110.7 19.5 111.6 

* Represents the best thermal performance for each relative humidity. 
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Table 1 also reveals that Cu80BP coated with MOF-Cr-101 shows the best thermal performance 

amongst all other samples, especially at higher relative humidity conditions (60-70%). This is a 

result of the coupling of different physical phenomena. First, the MOF-Cr-101 is fully coated 

within the pores, keeping the effective thermal conductivity reduction to a minimum since no 

additional MOF layers are formed on the surface to induce additional thermal resistance to heat 

transfer. Second, the emissivity of the porous copper (Cu80BP) is increased from 0.47 to 0.99 with 

the coating, doubling the radiative cooling performance. Finally, MOF-Cr-101 is the most sensitive 

to vapor pressure variations amongst the MOF pair, showing considerably higher desorption when 

compared to MOF-303 and MOF-801, resulting in a higher cooling effect by desorption that is 

effective for a longer period of time. Combination of these phenomena results in a ≈70% increase 

in the overall steady state heat transfer coefficient (hss) and the total heat supply (qtot), lending 

credence to our idea of cooling thermoelectric devices with MOF coated porous structures.  

To establish a fair comparison between the MOF pairs under different conditions, it is best to study 

the results of the non-porous sample (Cu0). Table 1 reveals that while MOF-Cr-101 performs best 

for high humidity (60-70%), it falls behind MOF-303 and MOF-801 under low humidity 

conditions (50%) due to a rapidly declining water adsorption capacity at lower humidity conditions. 

While MOF-303 and MOF-801 were developed for arid conditions such that they can uptake 

almost the same amount of water in a relatively large humidity range (40-90%)[53], MOF-Cr-101 

was developed to maximize the water uptake under humid conditions[54]. Therefore, it is 

imperative to select a suitable MOF for different applications through a careful review of 

adsorption/desorption isotherms. Additionally, we can further see the positive impact of the MOF 

coatings on the thermal performance by investigating the cold-side temperature of the TEGs (Fig. 

S11). Results clearly show that there is a reduction in the cold-side temperature of the Cu0 heat 

sinks when they are coated with MOF powders. MOF-Cr-101 represents the best cooling 

performance as also evident from the heat transfer coefficient values displayed in Table 1. 

To further determine the effects of the drying medium (i.e. vacuum or atmosphere) on the quality 

and thermal performance of the heat sinks, we also procured heat sinks on a hot plate in ambient 

conditions (Fig. 1, Materials and Methods). The results are presented in Fig. S6 (adsorption 

behavior) and Table S4 (thermal analyses) and explained in detail in Supplementary Note S4. From 

Fig. S6 and Table S4 we observe nearly identical performance, meaning that the sample 

preparation could be performed under ambient conditions for simplicity and cost. 

3.6 Heat Transfer Theory 

To better identify the mechanism of heat transfer enhancement, and determine the total impact of 

two opposing phenomena, namely thermal conductivity reduction and emissivity enhancement, 

we formulate a numerical model following macroscopic heat transfer theory. The heat flux and the 

temperature distributions can be obtained at any moment by balancing the total unsteady heat, 

natural convection, radiation, phase change heat transfer and heat supply into the system. 

Assuming 1-D transport and that the temporal changes of temperature are independent of the 

spatial location within the same body for simplicity, the resulting governing equation is given in 

Eq. 4 with the corresponding boundary conditions given in Eq. 5[58].  
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∑ 𝑚𝑖𝑐p,𝑖

𝑑𝑇𝑖

𝑑𝑡
𝑖

= 𝐴s(𝑞𝑐 − ℎn(𝑇s − 𝑇∞) − 휀𝜎(𝑇s
4 − 𝑇∞

4 )) − �̇�ℎdes, (4) 

𝑇s(𝑡 = 0) = 𝑇∞, (5a) 

𝑞𝑐 − ℎn(𝑇s(𝑡 = ∞) − 𝑇∞) − 휀𝜎(𝑇s
4(𝑡 = ∞) − 𝑇∞

4 ) = 0, (5b) 

𝑞c =   [
𝑇hot − 𝑇s

𝐿i 𝑘i⁄
], (6) 

where i represents the solid body (TEG, copper layer, or MOF layer); qc, hn, ṁ, and hdes denote the 

heat flux due to conduction on the surface, the natural convection heat transfer coefficient, the 

desorption rate of water from the system, and enthalpy of desorption; ε, σ, L, k, and As are the 

emissivity, Stefan-Boltzmann constant, thickness, thermal conductivity, and the exposed surface 

area; Ti, Ts, T∞, Thot, and t are the representative temperature of the i’th body, outermost surface 

temperature (i.e. exposed to the atmosphere), ambient temperature, hot surface temperature (hot 

plate temperature for experiments, TEG hot side temperature for optimization), and time, 

respectively. The boundary conditions state that the system is in equilibrium with the surroundings 

before the start of the heating phase, and thermal equilibrium is established in the steady state with 

all excess water desorbed from the system. Note that Eq. 5b is not required for the solution of the 

problem and is merely given as a control entity for the numerical solution. Details of the individual 

components and their calculations are given in Supplementary Note S5 along with the details on 

the numerical calculations. Briefly, the numerical procedure comprises of transforming the effect 

of individual components into the surface temperature (Ts) using effective thermal conductivity 

and resistance values, followed by a four component Runge-Kutta numerical solution scheme. The 

emissivity, thermal conductivity, and sorption related inputs for the numerical analysis were 

determined from experimental characterization. Furthermore, sensitivity of the code to certain 

parameters are given in Fig. S7 explained in detail in Supplementary Note S6. Fig. S7 shows that 

the performance in the steady state is governed by the emissivity of the MOF due to its effect on 

radiative heat transfer. 

To study the individual contributions of each physical mechanism associated with our device 

(radiation, heating, water desorption, and natural convection), we solved Eq. 4 bounded by Eq. 5 

for flat copper substrates (Cu0) and 80% porous copper structures (Cu80BP) and compared the 

results to our experiments. We limited our analyses to 70% relative humidity to isolate the effect 

of desorption. The results are presented in Fig. 5 for Cu0 and Fig. 6 for Cu80BP. Numerical results 

were within 10-15% of the mean values of the experiments. Investigation of Fig. 5 reveals that 

radiation plays a major role in increasing the thermal performance of the device, contributing 

≈50W/m2 to the overall heat flux in the steady state due to the enhancement in emissivity from 

0.15 to 0.99 (Fig. S5). Another interesting phenomenon to realize is that the contribution of natural 

convection decreases for the MOF coated case due to the lower surface temperature, leading to 

smaller temperature gradients with the ambient air. Finally, it is seen that desorption plays a 

significant role in increasing the cooling performance of the heat sink for MOF-Cr-101 (Fig. 5B) 

due to more efficient desorption from the surface (Fig. 3). On the other hand, this contribution was 

negligible for MOF-303 and MOF-801 (Fig. 5C-D), emphasizing the importance of MOF selection 

for the heat sink design.  
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Similar conclusions could be drawn for the porous copper case (Cu80BP, Fig. 6). Results illustrate 

that the contribution of natural convection decreases when the substrate is coated with MOF due 

to lower surface temperature. Furthermore, contribution of radiation doubles due to the increased 

emissivity from 0.47 to 0.99. It is important to note that while the contribution of desorption for 

MOF-303 and MOF-801 were still negligible due to inefficient desorption, desorption of water 

from the MOF-Cr-101 layer contributed almost equally to radiative losses (≈50W/m2) due to the 

increased mass of desorbed water, stemming from the increased mass of coated MOF powder. 

Porous structures have the advantage of a large void volume to be filled with MOF, practically 

enhancing the harvesting of atmospheric water due to the ability to uphold larger amounts of MOF. 

The mass of coated MOF powder for Cu80BP+MOF-Cr-101 was 57.5 mg, while the mass of 

coated MOF powder for Cu0+MOF-Cr-101 was 22.5 mg. The 2.5X increase in the mass of MOF 

coating leads to increased amount of adsorption/desorption from the surface, effectively 

contributing to heat transfer. Hence, it is evident that desorption is a critical component of the heat 

transfer enhancement from the surface for the case of MOF-Cr-101 coatings.   

 

Fig. 5. Heat Transfer Enhancement Mechanism for Flat Copper Surface. The physical 

mechanisms leading to heat transfer enhancement from the cooled surface for different heat sinks, 

namely (A) Cu0, (B) Cu0+MOF-Cr-101, (C) Cu0+MOF-303, (D) Cu0+MOF-801. Results show 

that radiation from the surface plays a vital role in increasing the heat transfer from the surface due 

to the increased emissivity values with MOF coatings. Experiments were carried out at T∞=22.5°C, 

RH=70%, and Th=32.5°C.  
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3.7 Performance Parameters 

To determine whether the thermal performance degrades after repetitive operation, we performed 

cyclic analysis (100 cycles) on MOF coated Cu0 samples. Our results show that the cycle is 

repeatable numerous times without any noticeable performance reductions (Table S5 of the 

supplementary information). Hence, the results of Table S5 representing the heat transfer behavior 

within 30 minutes can be confidently used for successive cycles. 

Another important parameter that could affect the total thermoelectric power generation is the 

cycle time. To see how long it takes for the MOF coated samples to reach the steady state heat flux 

value, we repeated the experiments with MOF-801 coated copper samples for a cycle time of 5 

minutes. Results are shown in Fig. S8 of the supplementary information. We can see that the 

system reaches the steady state value within 5 minutes for most of the cases. If the goal is to 

maximize total heat supply, the cycle times could be modified to values closer to 5 minutes in 

Fig. 6. Heat Transfer Enhancement Mechanism for a Porous Copper Substrate. The physical 

mechanisms leading to heat transfer enhancement from the cooled surface for different heat sinks, 

namely (A) Cu80BP, (B) Cu80BP+MOF-Cr-101, (C) Cu80BP +MOF-303, (D) Cu80BP +MOF-

801. Similar to the flat copper substrate case, results show that the contribution of radiative heat 

transfer from the surface is important due to the increased emissivity values with MOF coatings. 

Desorption of the adsorbed water contributes equally for MOF-Cr-101 due to efficient desorption 

from the surface. Experiments were carried out at T∞=22.5°C, RH=70%, and Th=32.5°C.  
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order to utilize the maximum transient cooling performance caused by the unsteady heat (specific 

heat term) and desorption.  

3.8 Demonstration of Desorption 

We were unable to collect continuous mass change information with the studied porous copper 

surfaces due to size limitations of the substrates and sensitivity limitations of the digital scale. To 

compensate for this limitation, we modified the setup and fabricated samples on a larger aluminum 

sheet (0.5 mm thickness, 0% porosity, 9 cm2 surface area) using each MOF pair and carried out 

the thermal experiments while collecting mass change data from the digital scale at a sampling 

rate of 1 seconds. The experiments were carried out at 70% RH after the samples have reached 

their adsorption capacities (1.01, 0.38, and 0.36 for MOF-Cr-101, MOF-303, and MOF-801, 

respectively). The results are given in Fig. S9. A close investigation of Fig. S9 immediately reveals 

that the water desorption rate of MOF-Cr-101 is much higher than the other pair, reflected as a 

decreased slope (or an increased downward slope) in the relative water mass curve. This behavior 

is also represented on the heat flux curve, showing that the heat flux shows a linearly decreasing 

trend after 5 minutes over the course of desorption process. The slope of this linear decrease was 

negligibly small for MOF-303 and MOF-801 due to the exhibition of much lower desorption rates. 

Another thing to notice from Fig. S9 is that it takes prolonged periods for mass transport 

equilibrium to be established. This time was nearly 120 minutes for MOF-Cr-101, and longer for 

MOF-303 and MOF-801. Although this has benefits to keep higher heat flux values for longer 

times which is the scope of this study, working at higher temperatures to increase the desorption 

rate could potentially lead to drastic cooling performances in the transient regime.  

 

To show that an outward flux of water vapor is indeed present, we also performed high speed 

imaging of the surface. We attached a thin fiber (≈15µm thickness) to the surface of the porous 

structure coated with MOF (Cu80BP+MOF-Cr-101) and let the substrate fully adsorb atmospheric 

water under 70% relative humidity. Subsequently, we placed the substrate onto an already 

equilibrated hot plate (≈60°C) and took high-speed images of the fiber movement. High-speed 

images were compiled into a 30X accelerated video, which is presented in MovieS1 of the 

supplementary information. To analyze the flow, we looked at time-lapse images from the video 

(representative images are given in Fig. S10 of the supplementary information) and characterized 

the flow speed by averaging the spatial changes in predetermined locations of the fiber. The 

average minimum flow speed values are 45 µm/s for the transient phase (fast desorption) and 0.13 

µm/s for the quasi-steady phase (slow desorption). Note that these speed values are denoted 

minimum since the fiber needs to be pushed at a certain force (applied by the flow speed) to be 

moved and these calculations are relative to this resistance. However, we can see that the flow is 

at least 300 times stronger during the initial fast desorption case when compared to the slow 

desorption that happens during quasi-steady phase (longer times). The presence of this outward 

flow is another good indicator of the evaporative cooling effect induced on the surface due to 

desorption. We further performed the same analysis with 1) a fully desorbed sample and 2) a non-

porous uncoated sample that does not display any water adsorption/desorption to ensure that our 

results purely originate from desorption and are not affected by natural convection. The thin fiber 

showed no movement over the course of 30 min for each case; therefore, we conclude that natural 

convection is not strong enough to move the fiber and the movement is solely caused by desorption 

from the MOF layer. 
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3.9 Proof of Concept on a Thermoelectric Generator 

To demonstrate the enhancement of thermoelectric conversion performance, we have interfaced a 

7.5 by 7.2 mm TEG with Cu80BP (80% porosity) with/without MOF coating and compared to the 

baseline case of no heat sink. We placed the TEG on a hot plate at 32.5°C using thermal paste and 

conducted the experiments for 30 minutes per sample under different humidity conditions (50%, 

60%, and 70%). The results are given in Table 2 and Fig. 7. We first see that the steady state 

voltage production increases by 50-70% compared to the only TEG case for all tested ambient 

conditions. Similar to the previous experiments, MOF-Cr-101 coatings applied on the 80% porous 

body (Cu80BP) exhibit the best performance in the steady values for 60% and 70% humidity case; 

on the other hand, its performance lags behind the other MOF pair for the 50% case due to the 

reduced adsorption capacity. For 50% relative humidity, MOF-303 performs best. Considering the 

total electromotive force (EMF) delivered by the TEG after 30 minutes, MOF coated samples still 

display a considerable enhancement (60-100%) due to the addition of the transient cooling in short 

time scales. MOF-Cr-101 coatings produce almost 100% enhancement in the total EMF for 60-

70% humidity conditions, while MOF-303 displays 60% enhancement for 50% relative humidity 

case. Furthermore, since power is given by P=I·V, the internal electrical resistance of the TEG is 

constant, and the Joule losses of the TEG could be assumed constant for a small change in the 

temperature gradient, we can display that P~V 2, meaning 100% enhancement in the thermoelectric 

voltage would lead to 300% enhancement in the total thermoelectric power, showing the efficiency 

of our heat sinks when deployed on TEGs.   

Another conclusion that can be drawn from the results of Fig. 7 and Table 2 is that directly applying 

the MOF coating on the metal plate without a heat sink (i.e. porous copper structure) only yields 

≈15% increase in the TEG performance. This stems from the fact that the amount of MOF that can 

be applied on the surface is limited when compared to the 80% porous copper case (3X reduction), 

leading to lower desorption from the surface. Furthermore, the effective thermal conductivity is 

low for the direct application of the coating, limited to the low values of MOF thermal conductivity, 

yielding lower heat removal from the surface. However, the added radiative cooling effect still 

yields a 15% increase in terms of thermal performance, showing the efficacy of our MOF coatings. 

In light of the results of our proof-of-concept analyses it is clear that MOF coatings applied on 

porous structures act as ideal thermal management solutions for near-room-temperature TEGs due 

Table 2. Results of the Proof-of-Concept Experiments. The total electromotive force (EMF) 

generated by the TEG in 30 mins and the steady state voltage generation (VSS) values for 

different substrates and ambient conditions. 
  50% RH 60% RH 70% RH 

Sample 

MOF 

Amount 

[mg] 

EMF 

[V·s] 

VSS 

[mV] 

EMF 

[V·s] 

VSS 

[mV] 

EMF 

[V·s] 

VSS 

[mV] 

TEG – bare N/A 17.67 9.93 17.62 9.76 16.46 9.28 

TEG+Cu80BP N/A 25.82 13.84 25.31 13.76 25.16 13.69 

TEG+Cu80BP+MOF-Cr-101 15.4 28.58 13.95 33.38* 16.9 32.43* 16.9 

TEG+Cu80BP+MOF-303 7.9 28.74* 15.32 28.58 15.01 27.84 14.05 

TEG+Cu80BP+MOF-801 6.7 27.98 14.76 27.24 14.31 28.16 14.66 

TEG+MOF-801 - - - - - 19.41 10.74 

* Represents the best TEG performance for each relative humidity. 
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to the added radiative and evaporative cooling effects as well as the increased exposed surface area, 

and could deliver more than double of the total EMF (and >4X TEG power) when combined with 

optimized coatings and device dimensions. 

 

Fig. 7. Results of the Proof-of-Concept Experiments. The instantaneous thermoelectric voltage 

values for TEG interfaced with the MOF coated heat sink for T∞=22.5°C, Th=32.5°C, and (A) 

RH=50%, (B) RH=60%, (C) RH=70%. Results show as much as 100% increase in the steady 

thermoelectric voltage and overall electromotive force with the use of developed heat sinks when 

compared to the baseline case for a heating cycle time of 30 min. Note that only the best performing 

heat sink cases are plotted for clarity. Insets in (A-B) represent a cartoon and a photograph of the 

experimental setup. Results of the overall analysis are given in Table 2. 
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3.10 Numerical Optimization 

To explore some of the endless possibilities that could be achieved through MOF coatings to 

thermally manage thermoelectric devices, we solved the energy balance equation (Eq. 4) for 

varying MOF-Cr-101 coating mass. We limited our analysis to MOF-Cr-101 powders for 70% 

relative humidity and performed optimization for Cu0 (Fig. 8A) and Cu80BP (Fig. 8C). We 

considered the heater to be a thermoelectric device (Bismuth Telluride) of 1 cm thickness with a 

hot side temperature of 35°C. To have a solid baseline for our numerical results, we considered 

the same geometry as our experiments (3 cm by 1 cm). Fig. 8A shows that a peak in the steady 

heat flux value is obtained when a MOF-Cr-101 powder with a mass of 27.8 mg is attached to the 

Cu0 surface. However, the total heat transfer value maintains an upward trend as the powder mass 

increases. Meanwhile, for the Cu80BP case, the steady value does not show a peak similar to the 

Cu0 case; however, the value plateaus after a coating mass of 99 mg (Fig. 8C). The difference in 

the steady behavior could be attributed to the rapid reduction in the effective thermal conductivity 

due to the layering effect (i.e. MOF being coated as a layer on the surface), introducing a high 

thermal resistance for the Cu0 case. However, our numerical analysis considers all MOF-Cr-101 

to be coated inside the pores for Cu80BP, which is also validated for the considered powder mass 

range (0-250 mg) by the void volume and the coated volume; hence, the effective thermal 

conductivity does not show a drastic decrease similar to the Cu0 case. On the other hand, to 

understand why the total heat supply keeps increasing with increasing weight, we investigate the 

heat flux profiles for different MOF mass values for Cu0 (Fig. 8B) and Cu80BP (Fig. 8D). The 

graphs demonstrate that the steady state is established much later as the MOF coating increases 

due to the increased desorption from the surface, extending the mass transfer contribution to the 

cooling of the surface to longer periods. Hence, the transient phase is extended by the introduction 

of more MOF into the substrate, effectively increasing the total heat transfer due to the upkeep of 

higher heat flux values for longer periods. Thus, the total supply of heat is increased as the MOF 

weight goes up in the considered regime. Our results show that while more MOF can be deposited 

on the porous substrates to increase the thermal performance, it is possible to achieve a similar 

performance with a 3X less amount of MOF on copper slabs. Therefore, the sorbent and the 

substrate should be selected considering the application requirements and finances with the 

knowledge that the thermoelectric performance will go up considerably under any of the 

considered cases.  

4. DISCUSSION 

The method we propose throughout this manuscript is highly versatile and could be applied to any 

surface or any thermal device running below ≈75°C. There are numerous types of sorbents 

available in the literature, ensuring that this technique could be used under relative humidity 

conditions as low as 20% and would still display an increase in the total thermoelectric power. 

Selection of the correct sorbent is of vital importance, and the optimization and sensitivity analyses 

displayed on this study could be one of the guidelines to determine which parameters matter the 

most for thermal performance enhancement. Furthermore, we also demonstrate that the 

performance of the MOF coated heat sink is stable, delivering the same output after numerous 

cycles both in terms of mass transport and thermal transport properties.    

We limited our analysis to a relative humidity range of 50-70%, and an ambient temperature of 

22.5 °C as representative average values for IoT operation. Furthermore, we only considered near-

room-temperature and near-body-temperature TEGs (~30-35°C); therefore, we considered a low 
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temperature gradient for our analyses. Higher temperature differences should demonstrate even 

higher enhancements for shorter periods due to increased desorption rate, which was left beyond 

the scope of our analyses. Furthermore, we only considered small size devices, ranging from 0.5-

9 cm2 surface area. It would be interesting to see future studies working on a different relative 

humidity range (perhaps arid environments) and on larger devices and compare their findings to 

ours postulated on this manuscript. Additionally, selection of the MOF-Copper combination is 

highly application dependent. For instance, high porosity copper would be more desirable for 

human related applications to minimize the total weight of the device. However, 0% porosity could 

be more suited to self-standing applications where minimal initial costs are sought. Similarly, 

selection of the MOF powder depends on the environment that the device will be installed in. 

Feasibility studies have to be performed prior to installation in order to select the best pair to obtain 

the maximum performance. 

Fig. 8. Numerical Optimization with Respect to MOF Mass. Numerical optimization with 

respect to the MOF-Cr-101 mass for (A-B) Cu0, (C-D) Cu80BP. Results of (A) shows that the 

steady state heat flux peaks at an intermediate value of 27.8 mg coating for Cu0. Similarly, results 

of (C) suggests that adding more MOF does not benefit the system after a value of 99 mg coating 

for Cu80BP. (B-D) shows that the added MOF mass shifts the transient phase with larger heat flux 

to longer periods, elucidating the upward trend of the total heat transfer with the increasing mass 

of MOF coating. The optimization was carried out considering T∞=22.5°C, RH=70%, and a hot 

side temperature of Thot,TEG=35°C for a 1 cm thick Bismuth Telluride TEG. 
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The application of this method on large scale applications is simple provided that the coatings are 

made sturdy. Outer surface of the metal plate on the TEGs should be interfaced with the respective 

MOF coated heat sink and exposed to the environment. High performance would be delivered with 

potential for further enhancements due to the adsorption and desorption of atmospheric water. 

Furthermore, if the selection of MOFs is performed such that operation range is kept close to the 

sharp peaks on the adsorption/desorption isotherms, evaporative cooling effect could be 

maximized for a significantly higher performance. Finally, TEGs could be operated in transient 

cycles to introduce adsorption/desorption into the system at any given ambient condition to make 

use of the evaporative cooling effects. 

The mechanism also introduces a passive thermal management method for TEGs, requiring no 

input other than exposure to the ambient. Since the TEGs are also passive devices, the combination 

of the thermoelectric device and the heat sink is an ecological device, producing no poisonous 

gases and generating electricity without any external input. Hence, passive devices and thermal 

management options such as the one presented here should be where the future technologies head 

to in order to fight global warming and ensure a better future for our planet.  

Having demonstrated the applications of the device and the enhancement of thermal performance 

of thermoelectric devices thus far, we should note that this kind of setup could also be useful for 

other fields of science. Similar setups have already been used for water salination purposes[43, 

51]. Moreover, the rapid increase in the heat flux during the initial phases could be used to power 

small electronic devices. Furthermore, fundamental phase change heat transfer experiments could 

be performed on setups where stability is needed due to the established adsorption/desorption rates. 

5. CONCLUSIONS 

We display a passive thermal management method for TEGs using coatings capable of harvesting 

atmospheric water and effectively exchanging radiation with the surroundings. We coat MOF 

powders on porous structures to maximize the amount of coated MOF powders using a simple 

deposition method and obtain a sorbent heat sink. We further demonstrate a fabrication method 

using a simple hot plate and ensure the coating quality is identical to complex techniques requiring 

vacuum drying. Prepared samples are subsequently exposed to the environment to start the 

atmospheric water harvesting phase. Even though the harvested water amount is minuscule 

(~10mg), our results demonstrate up to 100% increase in the total thermoelectric electromotive 

force (300% increase in the total thermoelectric power) for a MOF-Cr-101 coated copper foam 

with 80% porosity. This increase is associated with enhanced radiative cooling from the surface 

due to the increased emissivity in the steady state, and the desorption of water molecules from the 

heat sink, effectively resulting in evaporative cooling. By running the device in 

adsorption/desorption cycles replicating the variations in ambient conditions (ambient temperature 

and relative humidity), we display a significant increase in the thermoelectric performance. We 

further perform numerical optimization both for low and high porosity foams to determine the 

coating parameters that yield the maximum performance. Our work not only introduces a novel 

method to enhance thermoelectric conversion efficiency but also provides physical insight onto 

the link between sorption and thermal processes.  
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