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Environmentally sustainable forms of energy will be required to meet the 

aspirations of a growing world population. By 2050, an expected rise in global 

population from seven billion to ten billion and better living standards could lead to a 

two to threefold increase in energy consumption. No single technology will fulfill this 

demand. Therefore, the developments of sustainable power sources and energy-efficient 

technologies are of great importance to meet the challenges of world’s growing energy 

need. In this dissertation, thermal transport and transformation in micro-structured 
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materials for applications in long-term source of power supply by nuclear fusion, as well 

as in energy-efficient thermal management for buildings are discussed.  

Tungsten (W) has been chosen as one of the most promising plasma facing 

materials (PFMs) because of its high melting temperature, high thermal conductivity, 

high sputtering threshold energy, and low sputtering erosion yield. However, it is 

suffered from bombardment of neutrons, energetic ions, helium (He) plasma as well as 

hydrogen isotopes (H, D, T) plasmas. As a result, exposed surfaces exhibit 

nanostructured surface morphology change that in turn modify thermo-mechanical 

properties of materials and ultimately impact the performance of PFMs such as the 

surface temperature and erosion yield. A differential method, 3 ω  method, with 

improved measurement sensitivity was used to study the impact of heavy ions (as a 

surrogate of neutrons) and He plasma on the thermal conductivity of W. The results 

show a significant gradual reduction in thermal conductivity for W irradiated at room 

temperature, spanned from 10-3 to 0.6 dpa for Cu ions with increasing Cu ion damage 

level due to defects introduction, such as dislocation loops, self-interstitials (SIAs) and 

vacancies during irradiation, which scatters the electrons, the dominant heat carriers in 

W. When the Cu ion irradiation was performed at 1000 K, the reduced thermal 

conductivity for 0.2 dpa sample gets recovered to around 80% of the pristine value, 

attributing to the thermal annealing and annihilation of the irradiation induced defects, 

i.e. through vacancy/SIAs recombination. Meanwhile, at least ~80% reduction in 

thermal conductivity happens to W bulk and thin film irradiated by helium (He) plasma 

compared to that of undamaged W. This large reduction in thermal conductivity also 

comes from defects introduced during He-plasma irradiation. Those studies on thermal 
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conductivity of PFMs under fusion relevant irradiation conditions need to be taken into 

consideration in the thermal design of future nuclear fusion reactors. 

Residential and commercial buildings are one of the highest energy consumption 

sectors and over 40% of energy consumption and greenhouse gas emission are related 

to building temperature regulation. The second thrust of the dissertation is focused on 

the development and application of polymeric materials for thermal management in 

buildings to reduce the energy consumption. For the first time, the application of highly 

stretchable and tough double network hydrogels (DN-Gels) was proposed as durable 

and reusable ‘sweating skins’ for cooling buildings. These DN-Gels demonstrate 

outstanding cooling performance, reducing the top roof surface temperature of wooden 

house models by 25－30°C for up to 7 hours after only a single water hydration charge. 

DN-Gels also exhibit extraordinary toughness and cyclability due to their 

interpenetrated ionically and covalently cross-linked networks, as demonstrated by 

constant cooling performance over more than 50 cycles. Our results suggest that bio-

inspired sweat cooling, specifically using tough DN-Gel coatings, represents a 

promising energy-efficient technology for cooling buildings with reduction of ~290 

kWh of annual electricity consumption for air conditioning and 160 kg of CO2 emission.   

Besides, a thermo-responsive hydrogel composite (TRHC) desiccant is also 

synthesized by impregnating hygroscopic salt into porous thermo-responsive polymer 

matrix, for desiccant assisted air conditioning. Unlike traditional solid desiccant that has 

a tradeoff between its adsorption and desorption due to its fixed affinity to vapor, TRHC 

desiccant has drastically different affinities to water upon phase transition thanks to its 

thermo-responsive matrix. It achieves faster desorption at low-temperature (50°C) as 
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well as high adsorption capacity. With the attractive performance of TRHC desiccants, 

the COP of desiccant assisted air conditioning could be improved compared to that with 

silica gels, which consumes higher temperature/energy for reactivation under similar 

operating conditions. 

 

 



 

1 

 

1 Chapter 1 Introduction 

Nowadays, 80% of the developed world’s energy comes from fossil fuels. 

Environmental problems－the greenhouse effect and the effects of acidic pollution－and 

diminishing fuel supplies mean that reliance on coal, gas and oil will have to be severely 

constrained. Nuclear fission will continue to make a major contribution to electricity 

generation, but its growth could be curtailed by issues of public and political acceptability, 

especially after Fukushima nuclear disaster in Japan in 2011. Supplies from renewable 

sources are reliant on environmental conditions, and therefore not guaranteed to be 

constant. They are also subject to technology challenges of energy storage. To provide 

constant baseload electricity, predictable and non-varying sources of energy are needed. 

Nuclear fusion offers a secure and environmental friendly power supply with no production 

of greenhouse gases, no long-lived radioactive waste, and almost unlimited fuel supplies. 

Therefore, fusion energy could have a key role to play in the energy market of the future, 

with the potential to produce at least 20% of the world’s electricity by 2100. But strict 

safety standards are required for the thermomechanical properties of the in-vessel 

components that are exposed to severe irradiation and heat fluxes. Therefore, it is of great 

importance to study the thermal properties of plasma facing materials (PFMs) under fusion 

relevant radiation conditions. 

To alleviating the energy crisis, the sustainability challenges concerning energy 

saving and environment protection also require major changes1-3 not only in the way that 

energy is supplied, but also in the way that it is consumed. A special focus should be given 

to the building sector because it is considered as the biggest single contributor to world 

energy consumption and greenhouse gas emissions.4-5 Currently, building energy use 
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accounts for over 40% of total primary energy consumption in the U.S. and E.U..6 

Nevertheless, significant energy savings can be achieved in buildings if they are properly 

designed, constructed and operated.  

 

1.1 Overview of plasma facing materials in nuclear fusion reactors 

1.1.1. History and applications of plasma facing materials  

Fusion materials research started in the early 1970s following the observation of 

the degradation of irradiated materials used in the first commercial fission reactor. The 

technological challenges of fusion energy are intimately linked with the availability of 

suitable materials capable of reliably withstanding the extremely severe operational 

conditions of fusion reactors.7 Today, the nuclear fusion of a deuteron (2H) and a triton 

(3H) is considered to be the most promising reaction for a commercial fusion power plan: 

� + � → �� �3.5 ���� + � �14.1 ������� . To overcome the Coulomb repulsion 

between the deuteron and the triton, plasma temperatures of about 20 keV (~2 × 108 K) 

are required, a challenge not only for plasma physicists but also for material scientists 

dealing with plasma-wall interactions and the lifetime of plasma-near in-vessel 

components.  

Neutrons have about the same mass as protons; however, unlike protons, they can 

strongly interact with atoms at very low energies. Degradation of materials under neutron 

irradiation was already anticipated in 1946 by Eugene Wigner, who argued that neutrons 

could displace atoms through irradiation, thus permitting the artificial formation of 

displacements in definite numbers.8 The associated effects are the changes on thermal and 

electrical conductivity, tensile strength, and ductility, etc. The integration of the flux in a 
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certain period of time－the fluence－and the absorbed dose are two parameters typically 

used to characterize the exposure of plasma facing materials (PFMs). Under neutron 

irradiation, in the first stage after collision, a primary knock-on atom (PKA) is generated: 

the primary atom that recoils after being impacted by the neutron. Figure 1.1 illustrates the 

pathways of irradiation damage. Following the first impact, if no excited state is generated, 

the PKA recoils quasi-elastically and dissipates its initial kinetic energy by exciting the 

electrons of the medium and by elastic collisions with surrounding atoms of the impacted 

material. The total kinetic energy of the atoms involved in the recoiling is nearly conserved. 

The sum of the energies of the colliding and the collided secondary atom after scattering is 

basically the same as that of the incident PKA, giving or taking the relatively small 

individual electron excitation energies. Each PKA is capable of displacing a large number 

of secondary atoms, the number of which is determined by the combination of the total 

amount of energy available and the energy required to displace an atom.9-11 Thus, if the 

secondary atoms impacted by the PKA acquire enough kinetic energy to be displaced from 

their lattice sites, a cascade of successive collisions might take place, typically with a tree-

structure shape. This scenario occurs in the materials exposed to fusion neutrons of 14.1 

MeV. Such collisions knocking out atoms would produce a distortion in the lattice by 

leaving behind a vacancy by the recoiling atom which, in turn, would become an interstitial 

being lodged in a nearby location. 
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Figure 1.1. Schematic illustration of irradiation damage.7 
 
 

The recoiling primary atom will mainly slow down owing to electronic inelastic 

interactions or elastic collisions with nearby atoms. The ratio of electronic versus nuclear 

stopping power and the rate at which energetic recoils lose kinetic energy are well 

understood in terms of Lindhard’s theory.12 The related Stopping and Range of Ions in 

Matter (SRIM) code has become a worldwide standard for the calculation of the stopping 

power and range of ions while propagating through matter.13  

Besides, substantial gaseous (H and He) are also produced during nuclear fusion 

reactions, which substantially speed up the embrittlement of nuclear fusion material. As a 

result, thermodynamically unstable microstructures evolve swiftly into more stable 

configurations. In turn, the remaining defects tend to agglomerate into clusters that are 

strongly dependent on the temperature of the irradiated materials and the defect 

concentration,14-15 often leading to a severe degradation of materials properties. This is why 
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research on materials considering radiation resistance or radiation tolerance, are still one 

of the highest priorities within the international fusion communities. 

 

1.1.2. The influence of nuclear fusion relevant damage on thermal conductivity of 

plasma facing materials  

Tungsten (W) is considered as a promising plasma facing materials (PFMs) for 

ITER because of its high thermal conductivity, high sputtering threshold energy, and low 

sputtering erosion yield.16 During nuclear fusion reactions, the surface of PFMs is well 

known to experience damages as discussed earlier17-20 in section 1.1.1 because of being 

subjected to the very high fluxes of plasma, energetic ions, and neutrons bombardment. 

Those damages will alter the surface material properties, such as morphology and could 

lead to reduced thermal conductivity, which may also result in a higher surface temperature 

inducing larger thermal stresses in the near-surface regime of PFMs, especially in the case 

of large transient heat loads (up to 10 GW/m2 for short durations of a few ms during plasma 

disruptions and ~0.5 ms for edge localized modes).21-22  

In the case of transient heat loads (Qt) with a short duration of 0.5 to a few ms, the 

thermal penetration depth (Lp) can be significantly shorter than the overall thickness of 

PFMs. According to one-dimensional heat diffusion equations,23 Lp is defined as  

�� ≈  √2"# = %�&'()  (1.1) 

Where " is the thermal diffusivity, * is the density, C is the specific heat of the 

PFMs, and t is the duration of the transient heat load. Based on the thermophysical 

properties of W, for t = 0.5－2 ms, Lp ranges from 200 to 400 +m, the near-surface regime 
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of PFMs, despite its small thickness, would play an important role in dictating surface 

temperature (Ts) and consequently the thermo-mechanical behaviors. 

To illustrate the important effect of near-surface thermal conductivity on the 

temperature distribution in PFMs when subjected to transient heat loads, the surface 

temperature evolution of a hypothetical PFM made of W with a thin near-surface regime 

of 10 +m thick was modeled,24 as shown in Figure 1.2(a). The transient heat load Qt is 2 

GW/m2 with a duration of 0.5 ms, typical for localized edge modes.21-22 In this model, the 

substrate of the PFM has the thermophysical properties of bulk W (including temperature 

dependent thermal conductivity ,-./0 and specific heat Cbulk), while thermal conductivity 

of the near surface regime (,12/3) varied from 10% to 100% of ,-./0. A time-dependent 

finite element code was used to compute the evolution of the temperature for different 

cases. Figure 1.2(b) plots the cross-sectional temperature distribution in the PFM at the end 

of the transient heat flux (t = 0.5 ms), for the case of ,12/3: ,-./0 = 1:2. It clearly shows that 

the majority of the temperature gradient occurs within the top 200 +m thick regime in the 

PFMs, meaning that the transient heat load only penetrates into the PFMs by about 200 

+m, which is consistent with the result obtained from Equation (1.1). The inset in Figure 

1.2(b) also shows that there is a significant temperature gradient within the 10 +m thick 

near surface regime because of its lower ,. 

The time evolution of the surface temperature for various values of ,12/3 is shown 

in Figure 1.3. Ts is getting higher as ,12/3 is further reduced, but the maximum Ts occurs at 

t = 0.5 ms for all the cases. The inset in Figure 1.3 plots the maximum Ts vs. ,12/3, further 

demonstrating increased Ts as a result of lower ,12/3. For instance, if ,12/3 was somehow 



 

7 

 

reduced to 10% of bulk W, Ts would be as high as ~ 4000 K, which would exceed the 

melting point of W (the model did not take phase change phenomenon into account).  

 

 
 

Figure 1.2. (a) A schematic of tungsten (W) with irradiation thickness of 56. Ts represents 
the surface temperature and the red arrow indicate the heat load. (b) Simulated cross-
sectional temperature profile of W under transient thermal loading (Qt = 2 GW/m2) at the 
end of the heat load duration (t = 0.5 ms) when thermal conductivity of the top irradiated 
layer (56 = 10 7m) is half of the W substrate (869:;: 8<=:> = 1:2). The color represents the 
temperature in accordance to the color scale on the right. Inset: zoom-in temperature profile 
near the surface, which shows large temperature gradient across the film.24

 

 
 

The modeling result shown highlights the importance of the near-surface 

thermophysical properties of PFMs on the surface temperature, especially in the case with 

large transient heat loads. The higher surface temperature may pose severe challenges for 

the operation of fusion reactors. It may exceed the melting point of W and directly cause 

the failure of the PFMs. The associated large thermal stress in the near-surface regime 

consequently leads to failure of PFMs via delamination or cracking. Therefore, 

understanding the thermal properties of this thin damaged regime is vital in consequently 

the thermo-mechanical behaviors. 
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Figure 1.3. Time evolution of surface temperature Ts under an applied transient heat flux 
(Qt = 2 GW/m2 and t = 0.5 ms) for samples with various 869:; values. Inset: Maximum Ts 
vs. 869:; values, showing increasing Ts with lower 869:;.24 

 
 

1.1.3. Thermal measurement technique for plasma facing materials 

Laser flash techniques25-27 and electrical resistivity measurements28 are used to 

study the thermal transport in bulk PFMs before. However, as the damaged regime is only 

nanometers to microns thick, conventional steady state thermal conductivity measurement 

techniques are not applicable. Therefore, the thermal transport properties of ion-damaged 

layer are as yet largely unexplored due to the lack of suitable experimental techniques. 

Recently, thermal reflectance measurements,29-30 non-contact laser-induced transient 

grating (TG) technique,31-32 and 3ω technique24 have been proposed to quantify thermal 

transport in thin, ion-irradiated surface layers.  

The widely used time domain thermoreflectance (TDTR) technique has good 

potential for thermal measurement of thin ion-irradiated W because the modulation 

frequency of the excitation source can be conveniently adjusted to confine the thermal 
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wave to a thin layer at the surface of the material.33 A thin metallic layer deposition is 

required by TDTR, measuring the ps to ns time evolution of surface temperature by 

thermoreflectance. With TDTR, a reduced thermal conductivity is found in both high 

temperature proton irradiated single crystal silicon,29 UO2 upon irradiation with 3.9 MeV 

of He ions,30 as well as He ion-implanted W.34 However, the film introduces a number of 

unknown parameters, such as film thickness and interface thermal resistance, adding 

difficulty to the signal analysis required to extract the thermal properties of the substrate.  

Recently, a non-contact laser-induced transient grating (TG) technique is applied to 

measure the thermal transport properties of He-implanted W.32 It uses two shot excitation 

laser pulses that are overlapped on the sample with a well-defined crossing angle (Figure 

1.4(a)). Interference of the pulses produces a spatially sinusoidal intensity grating with a 

fringe spacing λ.35 Absorption of the light leads to a temperature grating with period λ. 

Rapid thermal expansion also launches two counter-propagating surface acoustic waves 

(SAWs).36 Both the thermal grating and the SAWs cause displacements of the sample 

surface. These are detected by diffraction of a quasi-continuous probe beam, heterodyned 

with a reflected reference beam (Figure 1.4(b)). Figure 1.4(c) presents the signal measured 

from a pure W sample showing a number of oscillations, due to the propagating SAWs, 

superimposed on a background due to the decaying temperature grating. On the surface of 

bulk samples thermal transport occurs both in-plane from peaks to troughs of the thermal 

grating, and into the depth of the sample. The surface profile due to the thermal grating 

follows a non-exponential decay.35 

@AB@C ∝ �EFG�H√I#� (1.2) 
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Here H = 2J/L, t is time and " is the isotropic thermal diffusivity, " = ,/M, where 

, is thermal conductivity and C is the volumetric heat capacity. Thermal diffusivity is 

determined by fitting Equation 1.2 to the experimental data, also taking into account the 

sinusoidal variation due to SAWs. Figure 1.4(c) shows the fitting to pure W data. The 

accuracy of TG measurement is intrinsically high since the technique does not rely on 

measuring a temperature difference or heat flux. It also has the advantage over TDTR 

measurement without sample coating when a well-polished sample surface allows specular 

reflection of the probe and reference beam is sufficient. However, the surface of damaged 

sample might be rough under specific severe ion/plasma damage, which is not flat enough 

for TG measurement.   

 

 
 

Figure 1.4. Transient grating thermal transport measurement.32 (a) Schematic of the 
measurement setup, showing the excitation beams (at time t = 0) that form the periodic 
transient grating light pattern (shown schematically in green) on the sample. (b) At time t 
> 0, the temperature grating the counter-propagating surface acoustic waves at the sample 
surface (both shown schematically in light grey) are probed. For heterodyne detection the 
scattered probe beam is combined with a reflected reference beam. (c) Experimentally 
recorded time trace of scattered probe intensity for the pure W sample at 296 K. Also shown 
a fit to the experimental data. Inset are time traces recorded for pure W and W implanted 
with 3100 appm of He, both at 296 K. Thermal grating decays in the implanted sample is 
visibly slower. 
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Recently, a frequency domain method, 3N method,37 was employed to measure the 

thermal conductivity of the micro-sized near-surface damaged regime of PFMs, a 1 +m 

thick damaged W layer by Cu2+ ion irradiation.24 The penetration depth (O�) of a periodic 

heat fluxes with frequency NP is defined as, 

O� = %�QRS = % �'()RS (1.3) 

where " is the thermal diffusivity, , is the thermal conductivity, * is the density, 

and C is the heat capacity. In a typical 3N measurement, a narrow metal strip functions as 

both a heater for applying a periodic heat flux and a thermometer for measuring the surface 

temperature, as shown in Figure 1.5. 

 

 
 

Figure 1.5. Schematic diagram of a device for 3T measurement for the ion damaged layer 
(~1 7m thick) in W. An insulation layer of Al2O3 is deposited using Atomic Layer 
Deposition (ALD) to prevent electrical leakage between the Au heater and the W sample. 
             

 

By applying an AC current modulated with angular modulation frequency N, UV, 

through the metal strip, the periodic heating will give rise to heat flux oscillating at 2N, 

expressed as, 
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P = [U sin�N#�]� \ = ]^_� − ]^_� cos�2N#� (1.4) 

which includes a DC component and a 2ω component. The latter term leads to a 

temperature rise oscillating also at 2ω with a phase shift c. Sine the resistance change of 

the metal strip is proportional to the temperature change, the resistance will also oscillate 

at 2ω, which leads to a third harmonic voltage 

��V = UV\�V (1.5) 

depending on the AC temperature rise (d�V� of the heater, 

��V = ]� e_ef d�V sin�3N# + c�(1.6) 

where d�V is the 2nd harmonic component of the temperature rise, which depends 

on the thermal conductivity of the materials, as shown in the heat conduction model below. 

Therefore, by extracting d�V from the measured ��V signal according to Equation 1.6, one 

can obtain the thermal conductivity of the sample, hence the term “3ω method”. 

Based on the specific geometry and the thermal properties of the W samples and 

the thin damaged layers, a generalized 2D heat conduction analysis for the 3 ω 

measurements to establish the relationship between material thermal conductivity and the 

measured surface temperature was built. By assuming a uniform heat distribution between 

the heater and the top film (i.e., no thermal contact resistance in between) and considering 

2D heat conduction from the heater strip to the underlying materials, the temperature rise 

on the metal strip is written as:38 

dg2hi = jklm'no p qroso
tu h2v �wx�^

w^x^ yL (1.7) 

where 
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z{jq = r| }~|�|}~|�o�|�oj��v��s|�oe|�o�
qjr| }~|�|}~|�o�|�oj��v��s|�oe|�o�, i =2…n (1.8) 

B{ = �'�|'~| L� + {�RQ~| � (1.9) 
where Trise is the temperature rise, p is the power dissipated in the heater, l is the 

heater’s length, b is the heater’s half width, d is the layer thickness, n is the total number 

of layers, ,� and ,� are in-plane and cross-plane thermal conductivity, respectively, L is 

the variable of integration, and i is the ith layer of the measured sample with i = 1 being the 

substrate. 

 

1.2 Overview of thermal regulation for buildings 

1.2.1 Introduction of energy consumption in buildings 

More than half of the world’s population lives in an urban environment and this 

number is expected to further increase to 70% by 2050.39 The cohabitation of many people 

on a small space creates new challenges in waste management and fresh water supply but 

also a high demand in energy. The ratio of building energy consumption to total energy 

consumption increased from 33.7% to 41.1% between 1980 and 2010 in the U.S..6 The 

Energy Information Administration (EIA) predicted that this growth would resume steady 

growth through 2035. The main contributors of the energy consumed in building utilities 

can be tracked back to cooling and heating because most people currently spend 90% of 

their daily lives indoors and relying on mechanical heating and air conditioning for thermal 

comfort. This demand for AC load is estimated to be increased by 6.2% annually.40 

Therefore, it is appealing to develop alternative cooling technologies to assist or even 

substitute the conventional vapor compression (VC) cooling systems, which consume 
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excess electricity during operation and have limitation in dealing with high latent heat load 

for hot and humid climate.41 

   

1.2.2 State-of-art thermal regulation technologies for buildings 

Novel sustainable concepts for alternative building thermal regulation technologies, 

especially for building cooling, have been proposed in the past decades.42-44 Most 

promising solutions are based on passive systems (i.e., no electricity needed) directly 

integrated in the roof or the façade of buildings. For instance, porous materials have been 

used to store and release water, provoking evaporative cooling;45 night-time ventilation has 

been employed in moderate or cold climate to promote convection;46-47 and high IR 

reflective coating to reduce the energy uptake as a result of solar irradiance.48-49 

Nevertheless, no current passive cooling technologies used in buildings possess ideal 

characteristics such as high cooling efficiency under a variety of weather conditions, high 

durability including resistance to thermal cycling and UV irradiation, and low cost. For 

example, Phase changing materials (PCMs) are less effective under high solar intensity 

fluctuations due to their low latent heat (~hundreds of kJ/kg).  

Besides passive cooling, active cooling, such as vapor compression (VC) air 

conditioning also attract lots of attention in efficiency improvement and environmental 

friendly requirement. Desiccant assisted air conditioning is one of the most promising 

technologies to supply or even substitute VC air conditioning because it can separately 

treat latent and sensible heat loads by pre-dehumidifying the moist air with desiccants, 

applicable to lots of hot and humid environment.50 Moreover, Desiccant assisted air 

conditioning is environmental friendly as water is usually used as refrigerant instead of 
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chlorofluorocarbon (CFC) refrigerants in VC air conditioning systems.51 It is also 

compatible with low-grade thermal energy, e.g., solar or waste heat,52-54 for desiccant 

regeneration, thus having a large energy saving potential. Desiccant assisted air 

conditioning system can be classified into liquid desiccant cooling (LDC) system and solid 

desiccant cooling (SDC) system.55 And its performance is determined by the geometry of 

the systems and the characteristics of the applied desiccants, most notably the 

adsorption/absorption rate, adsorption/absorption capacity, and the regeneration 

temperature.56 LDC system has slightly higher COP by using liquid desiccants such as LiCl 

or CaCl2 with high absorption capacity over solid desiccants such as silica gel, zeolite, and 

activated carbon.57 But it involves lots of expansion valves due to pressure difference and 

induces corrosion due to deliquescence after absorbing moisture during operation.58 In 

comparison, SDC system is more user friendly and spontaneously adsorbing/desorbing 

moisture through rotating desiccant wheels.59-61 However, its performance is hindered by 

characteristics of solid desiccants. Therefore, more efficient and durable solid desiccant 

materials are desired for high coefficient of performance (COP) of sustainable air 

conditioning for building cooling. 

 

1.3 Thesis structure 

Chapter 1 provided a brief introduction to thermal measurement on plasma facing 

material under nuclear fusion relevant radiation and emerging thermal regulation 

techniques for building cooling.  

Chapter 2 discussed the thermal conductivity of room-temperature irradiated W by 

copper (Cu) ions and tungsten (W) ions. One set of W damaged by Cu ions with increasing 
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damage level (quantified by displacement per atom, dpa) were first utilized to study the 

influence of damaged level on the thermal conductivity of plasma facing materials (PFMs). 

The other set of room-temperature and high-temperature irradiated W by Cu ions at the 

same damage level (0.2 dpa) were used to study the effect of irradiation temperature on the 

thermal conductivity. At last, a comparable study of the irradiation ion species’ influence 

on the thermal conductivity was conducted by replacing the Cu ions with W ions at 0.2 

dpa. To get a better measurement sensitivity for thermal measurement of this thin irradiated 

W layer, an improved 3ω technique was demonstrated with higher measurement sensitivity 

through novel nanofabrication. 

Chapter 3 studied the He plasma damage effect on the thermal conductivity in both 

bulk and thin film, W through improved 3 ω  technique and electrical resistivity 

measurement. ~80% thermal conductivity reduction was observed in both He-plasma 

irradiated bulk and thin film W. 

Chapter 4 demonstrated a bio-inspired regenerable ‘sweating skin’ for building 

cooling, by mimicking the transpiration of plants and animals to autonomously adaptive to 

the increases in environmental temperature. This sweating skin, made of a highly 

stretchable and tough double network hydrogels (DN-Gels), has been demonstrated an 

excellent evaporative cooling performance as well as extraordinary toughness and 

cyclability over 50 cycles on a minimized house model.  

Chapter 5 developed a thermo-responsive hydrogel composite (TRHC) desiccant 

for desiccant assisted air conditioning with high coefficient of performance (COP) to assist 

or even substitute the conventional vapor compression (VC) cooling systems, which 
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consumes excess electricity during operation and has limitation in dealing with high latent 

load for hot and humid environment.  

Chapter 6 summarized the dissertation and described potential future directions.  
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2 Chapter 2 Thermal Transport in heavy ion irradiated 

tungsten 

 

2.1 Introduction 

Tungsten (W) has been chosen as the armor material for the divertor in ITER,62 and 

it is a leading candidate for the first wall in future demonstration fusion power reactors 

(DEMO) because of its high melting point, high thermal conductivity (κ), low sputtering 

yield, and low hydrogen permeability.62-64 During the operation, the armor will experience 

high steady-state heat load up to 10 MW/m2 and even higher transient heat flux, as well as 

neutron irradiation and helium bombardment, inducing a damage cascade within the 

material. During the lifetime of a fusion reactor, the damage level is expected to build up 

to several hundred displacements per atom (dpa),65 resulting in multiple types of defects 

such as self-interstitial atoms (SIAs), vacancy clusters, dislocation loops, and voids.66 

These forms of damage lead to changes in microstructure, which in turn could degrade the 

thermal and mechanical properties of the material.67 The degradation in κ of various 

materials used in fusion reactor has been reported, including W,32, 34 tungsten-rhenium 

alloys,25 and silicon carbide.68 The combined effect of reduced thermal conductivity and 

radiation embrittlement leads to cracking in W as a result of the thermal cycling, which in 

turn poses serious concerns on the system performance and safety. However, direct study 

on thermal transport properties of neutron damaged W is still largely unexplored due to 

challenges associated with the preparation and handling of those activated samples and also 

the lack of high flux neutron sources to produce a fusion-relevant fluence in a short period 

of time.69 Thus, heavy ion irradiation is used as a surrogate for high-energy neutrons to 

simulate the effect of neutron irradiation on metals70-73 for multiple reasons: [i] separate 
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effects due to direct displacement damage caused by neutrons and by transmutation 

products such as gas evolution; [ii] accelerate materials testing to extremely high dpa levels 

within a short time; [iii] avoid the additional cost and difficulty of handling neutron 

activated materials. One drawback with the heavy irradiation, however, is the shallow 

damaged region (only a few microns) into the material. Although the microstructural 

characterization (e.g., by transmission electron microscopy (TEM)74-75 and grazing angle 

X-ray Diffraction (XRD)76) and deuterium retention (e.g., by thermal desorption 

spectroscopy (TDS)77 and nuclear reaction analysis (NRA)78) have been routinely carried 

out on the shallow irradiated regions in W, the thermal conductivity measurement of such 

a shallow region is substantially more challenging.79 Recently, two new approaches, the 

3ω technique24, 80-81 and optical thermo-reflectance measurement29-30 have been employed 

to characterize κ in the thin, ion irradiated surface layers. These measurements showed 

significant κ reduction in the surface layer of W when exposed to irradiation (i.e., proton, 

helium and Cu ions) at high fluence and at room temperature. The suppressed κ is thought 

to mainly originate from the point defects produced during the displacement damage, 

which act as scattering sites for heat carriers, primarily electrons in W. However, these 

measurements have only investigated one or a narrow range of dpa levels24, 34 on W 

samples irradiated near room temperature only. The high-temperature annealing effects 

have been observed from the deuterium retention and TEM analysis,82-85 which showed 

that the annealing could largely annihilate the irradiation-induced defects. Such annealing 

should also impact κ; thus a systematic study on the dependence of κ on the damage level, 

and more importantly, on the irradiation temperature, is of great interest since the operation 

temperature for W armor is estimated to be between 373 K and 1273 K.85 Therefore, in this 
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work, we seek to understand how this defect recovery impacts the κ of W irradiated at an 

elevated temperature that is relevant to the operation conditions of fusion reactors. 

Additionally, thermal conductivity measurement could serve as a sensitive and convenient 

interrogation tool to probe the point defects in the material, as κ is sensitive to scattering 

of both electrons and phonons. Here, we systematically measured κ of W irradiated by Cu 

ions with dosage level from 10-3 to 0.6 dpa using an improvement to the 3ω technique 

previously developed. We then used the same technique to measure κ of W irradiated by 

Cu or W ions at both room temperature and 1000 K, with a damage level of 0.2 dpa, in 

order to study the effect of irradiation temperature and ion species. 

 

2.2 Preparation of heavy ion irradiated W 

W samples were prepared for irradiation with energetic heavy ions (either Cu or W 

ions). A polycrystalline W rod with 99.95% purity (Midwest Tungsten) was cut into small 

disks, 6 mm in diameter and 1.5 mm thick. The surfaces to be exposed to radiation were 

mechanically polished down to 3 μm grit, then ultrasonically cleaned in acetone and 

ethanol. Afterwards, the specimens were annealed in a vacuum furnace below 10-4 Pa for 

1 hour at 1173 K to further relieve the mechanical stress built up during polishing and to 

reduce intrinsic defects and dislocation. Then the disks were electrochemically polished to 

a mirror-like surface finish using an electrolyte of 1% NaOH aqueous solution at 8V for 1 

minute. 

Homogeneous ion implantations were performed in Ion Beam Materials Laboratory 

(IBML) at Los Alamos National Laboratory (LANL) and at Peking University (PKU). The 

depth profile is calculated by the Stopping and Range of Ions in Matter－2012 (SRIM-
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2012) code using the “Quick calculation of Damage” mode with the Kinchin and Pease 

model following the “energy damage” method introduced by Stoller et al.86 The 

displacement threshold was set to 90 eV. One set of 3 polished W samples were irradiated 

by a tandem ion accelerator with Cu ions at room temperature at LANL, producing an 

estimated damage level of 10-3, 10-2, and 0.6 dpa to study the effect of damage level on 

thermal conductivity. The other set of 4 polished W samples were irradiated at PKU at 

room temperature and at 1000 K by either Cu or W ions with an estimated damage level of 

0.2 dpa to study the influence of irradiation temperature and ion species on thermal 

conductivity. The details of the specimen conditions used in this work are summarized in 

Table 2.1.  

 

Table 2.1. Experimental parameters for W samples, including irradiated ion type, 

temperature during irradiation, and dpa. 

 

Ion 

type 

DPA & Temperature 
Provider 

10-3 10-2 0.2 0.6 
Cu 300 K 300 K - 300 K LANL 
Cu   300 K 1000 K  

PKU 
W   300 K 1000 K  

 
 

The multi-energy ion irradiation conditions defined in Table 2.2 were calculated by 

SRIM to produce uniform damage profile in W. A relatively flat defect concentration 

region extended up to 0.9 μm produced by Cu ions with sequential irradiation using three 

energies (700 keV, 2 MeV, and 5 MeV) each with a specific fluence (Figure 2.1(a)). 

Similarly, two energies (2.2 MeV and 7MeV) of W ions produced a uniform damage 

profile in W up to 0.45 μm, as shown in Figure 2.1(b). The damage depth of W ion 
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implantation is shallower (Figure 2.1(c)) compared to that of Cu ion implantation since Cu 

ions are lighter and can penetrate deeper into W with comparable energies. Note that the 

dpa scales linearly with the ion fluencies quoted in Figure 2.1. 

 

 
 

Figure 2.1. Estimated depth profile of displacement damage and implanted ion range 
distribution in W samples irradiated by Cu2+ or W4+ ions calculated for 1 dpa using the 
SRIM code. Different implanted ion range distribution can be normalized with 
proportionate fluence of 1 dpa profile. (a) Three irradiations by Cu2+ ions with different 
energy and fluence levels were used to produce a nearly flat dpa profile (blue dashed line) 
within the 0.9 7m depth. (b) Two irradiations by W4+ ions with different energy and fluence 
levels were used to produce a nearly flat dpa profile (blue dashed line) within the 0.45 7m 
depth. (c) Comparison of the flat dpa profile between Cu2+ ions and W4+ ions, showing a 
thicker implantation thickness with the Cu2+ ions. 
 

 

Before room temperature ion implantation, the sample was mounted to the sample 

holder, which has a heating element and cooling air pathway embedded inside. To ensure 

damage uniformity, the ion irradiation was then performed by raster scanning across an 

area larger than the sample with the frequency 517 Hz in horizontal direction and 64 Hz in 

vertical direction at both LANL and PKU. These rastering rates are believed to minimize 

swelling and other microstructural evolution except ion implantation.87-91 Prior to reaching 

the sample, the ion beam was masked to allow the center of the scan to reach the sample 

while indirectly measuring the current by Faraday cups at four corners every thirty minutes 

to guarantee the same beam current both at LANL and at PKU. Once the desired ion dosage 
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was reached, the beam was turned off. Before high temperature ion irradiation, the sample 

holder was heated to and held at the desired temperature (1000 K). Samples were 

concurrently irradiated with heavy ions to dynamically anneal defects during their 

production, referred as dynamic annealing here, while keeping other steps the same as room 

temperature ion implantation. The sample holder was then actively cooled with pressurized 

air passing through the sample holder to decrease the temperature within minutes, limiting 

additional post-irradiation annealing of the defects. During the ion irradiation and cooling 

down processes, the sample was always kept in vacuum to avoid oxidation. Details of 

irradiation parameters are summarized in Table 2.2.  

 

Table 2.2. Cu and W ion irradiation parameters at 300 K and 1000 K used to produce a 

uniform 0.2 dpa damage profile up to 0.9 and 0.45 7m, respectively. 

 

Ion 

type 

Energy 

(MeV) 
Charge 

Current (nA) Time (s) Fluence 

(ions/cm2) 300 K 1000 K 300 K 1000 K 
Cu 5 2 ~36 ~40 2796 2647 1.02×1014 

 2 1 ~5.5 ~20 1988 840 3.86×1013 
0.7 1 ~15 ~22 501 407 1.96×1013 

W 7 4 ~13 ~15 2956 2872 3.00×1013 
 2.2 2 ~17 ~10 252 417 5.72×1012 

 
 

2.3 Improved 3T method for thermal measurement 

2.3.1 Measurement sensitivity of 3T method 

In the case of thin films measured using the differential 3ω technique, the thermal 

conductivity is calculated using 

,1 = �&����∆f�����j∆f���� (2.1) 

Then considering uncertainties in the calibration of the two samples, (dT/dR)total and 
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(dT/dR)ref, and the geometry it can be shown  

�'�'� = ���&�&� �� + ���� �� + ��∆f���∆f� � ��������������������
��� + ��∆f�����∆f� � ������������������������

���
(2.2) 

Since ∆d����/ > ∆d1, the pre-factor for the final term is always greater than one, 

which indicates that the relative uncertainty of the thermal conductivity always exceeds the 

uncertainty in the heater calibration. If the temperature drop in the reference sample 

exceeds that of the film, (∆dgi1  > ∆d1 ), then the background signal is large with the 

consequence that the second-to-last pre-factor is also greater than one, which exacerbates 

the issue. If the temperature drop across the film is much larger than the background, ∆dgi1 
<< ∆d1, then uncertainties in the calibration of the reference sample become negligibly 

small. It is clear that the uncertainty in thermal conductivity of thin films will vary 

depending on the material system under investigation, and therefore no single error 

estimate can encompass all experiments.  

To appreciate the importance good experimental design for the 3ω method, it is 

instructive to further study the role of the heater calibration. Assuming the relative 

uncertainty in calibrations is similar from experiment-to-experiment and temporarily 

neglecting other uncertainties  

�'�'� = %�∆f���∆f� �� + �∆f�����∆f� �� �������
ef/e_  (2.3) 

The prefactor χ ≡ %�∆f���∆f� �� + �∆f�����∆f� ��
 quantifies the sensitivity of ,  to the 

heater calibration. If the contribution of the background signal is ∆dgi1 / ∆d1, then it can be 

shown that  

χ ≡ √1 + 2" + 2"� (2.4) 
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This function is plotted in Figure 2.2 for clarity. When the background is large, the 

sensitivity of the results to the calibration is large,  

�'�'� = √2 ∆f���∆f�¡�¢
�������

ef/e_ (2.5) 

 

 
 
Figure 2.2. Plot of  £ vs. ¤, equation 2.4. 
 
 

While it is important to achieve a very high quality of calibration, it is equally 

important to design experiments to reduce the background signal, ∆dgi1, to acceptable 

values. To a good approximation, the ratio ∆dgi1 / ∆d1 is given by  

" = ¥}¦§¨©}©§ ¨¦}ª¨�}�
= w&�

'�'¦ + &©&�
'�'© + &ª&�

'�'ª (2.6) 

where the subscripts d and b stand for the dielectric layer and buffer layers, 

respectively. This equation suggests several methods for reducing the uncertainty: (i) 

choose a high thermal conductivity substrate when possible (,1 << ,h); (ii) use the smallest 

linewidth possible to reduce the substrate contribution; (iii) use a thick sample film when 

possible; (iv) for all other layers, use the smallest thickness possible. If a value of ~5% for 
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the calibration uncertainty can be obtained, then according to Equation 2.6, with a value of 

" less than 3, the experiment can achieve accuracy better than 25%. The current estimate 

of the calibration uncertainty is based on a statistical analysis and thus is expected to be 

more realistic.  

 

2.3.2 Higher measurement sensitivity of 3T method with novel nanofabrication 

Compared to the ion irradiated W samples measured with 3ω method previously,24 

the heavy ion irradiated W at high temperature (1000 K) or with low level of damage (10-

2 and 10-3 dpa) have less damage within the damaged layer, which results in less mismatch 

of , between the substrate and the ion damaged layer. We modified the sample structure 

for the 3ω  measurement by utilizing additional nanofabrication steps to decrease the 

thickness of insulation layer to improve the measurement sensitivity (strategy iv discussed 

in section 2.3.1) since the geometry and the material of the samples are fixed.  

As shown schematically in Figure 2.3(a), a 30 nm thick Al2O3 layer and a 600 nm 

thick Parylene layer were first deposited onto the sample surface using the atomic layer 

deposition (ALD) and a Parylene coater, respectively. Then a narrow groove was patterned 

on the Parylene layer followed by photolithography and oxygen plasma etching. This 

allows the 3ω heater line to be deposited directly onto the thin Al2O3 layer that lies within 

the trench formed in the Parylene layer, while the large electrode pads for wire-bonding 

were deposited on top of the thick Parylene layer, as shown in Figure 2.3(b). The thick 

Parylene layer underneath the large electrodes prevented the electrical leakage from the 

electrodes to the W substrate. To avoid thermal measurement signals to be dominated by 

an insulation layer between W and the heater line, a thin (30 nm) insulating Al2O3 film 
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ensures a temperature drop across an insulating film is relatively small in comparison to a 

temperature drop across the irradiated W layer (0.45 or 0.9 μm), thus improving the 

measurement sensitivity and reducing the measurement uncertainties.92 

 

 
 

Figure 2.3. (a) Schematic of 3T device for thermal conductivity measurement of thin ion-
irradiated W layer. Al2O3 and Parylene insulation layers are deposited between heater and 
W surfaces to prevent current leakage. Electrodes are deposited on a thick Parylene layer 
to avoid electrical leakage caused by wire bonding processes, enabling a thinner insulation 
layer (30 nm Al2O3) underneath the heater line required for reliable thermal measurements. 
(b) SEM image (top view) of the device. During the 3T measurements, a current (I(T)) is 
applied across two electrodes while the 3rd harmonic voltage (V(3T)) is measured between 
the other two electrodes. 
 

 

2.3.3 Measurement and data analysis  

Thermal measurements using the 3ω technique are carried out on both pristine 

(reference) and ion damaged W in the temperature range of 300－370 K. The sample 

surfaces were first carefully and gently ultrasonic cleaned sequentially with acetone bath, 

isopropyl alcohol (IPA) bath and then DI water bath. Afterwards, any polymeric residue is 

removed with a mild oxygen plasma process.93 To minimize the heat loss due to thermal 

convection, the improved 3ω measurements were conducted in a vacuum chamber. To 

accurately detect ��V  (typically orders of magnitude smaller than �qV ), one matching 
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resistor with the same resistance was connected in series with the 3ω heater to cancel the 

�qV  and other parasitic signals. We used a differential method to measure the thermal 

conductivity of the thin damaged layer: one on pristine W sample (hereafter named as 

‘reference’) and the other with the heavy ion irradiation. The generalized 2D analysis94 

mentioned earlier was also applied to model the heat conduction process and extract the 

thermal conductivity from the measured data.38, 95  

The measured Trise as a function of the modulated frequency in the reference sample, 

as well as the fitting result, is shown in Figure 2.4. The measured κ of the reference 

substrate and the Al2O3 film were 182.0 ± 8.3 W/m·K and 1.2 W/m·K, respectively, at 300 

K, which is consistent with prior measurements,96-98 as well as published data from NIST,96 

consolidating the reference samples we used here has negligible intrinsic defects that might 

induce extra influence on thermal conductivity of ion implanted samples. The uncertainties 

in 3ω measurement,94 mainly comes from temperature measurement and the determination 

of the temperature coefficient of resistance (TCR) of the heaters. The uncertainty from the 

damaged layer thickness is not included. The fitted κ of the reference substrate and the 

Al2O3 film were then used in the same 2D model to fit the measured Trise from the irradiated 

sample, with the κ of the ion damaged layer as the only fitting parameter (Figure 2.4).  
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Figure 2.4. Measured temperature rise (Trise) with fitting results from a 2D heat conduction 
model of the pristine W sample (reference) and the W sample irradiated by Cu2+ ions (0.6 
dpa) at 300 K. 
 

 

2.4 Surface morphology of heavy ion irradiated W 

The scanning electron microscopy (SEM) image on the top surface of the heavy-

ion damaged W and the reference sample were shown in Figure 2.5. No obvious micro-

structure change at micrometer level, including the grain size, was observed in both room 

temperature irradiated W from 10-3 to 0.6 dpa and high-temperature irradiated W at 0.2 dpa. 

This indicates that any changes in thermal conductivity we might observe in the irradiated 

samples could be attributed to atomic and nanoscale defects, rather than damages at larger 

length scale. Indeed, it was shown that the dislocation loops and voids formed during the 

ion implantation are nanometers in size, which are extremely challenging to directly 

observe.99 Thermal conductivity characterization, however, provides an indirect and yet 
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sensitive probe to gauge these atomic and nanometer scale defects,100-101 as both types of 

heat carriers (electrons and phonons) are sensitive to scattering by defects.  

 

 

 

Figure 2.5. The top surface SEM of non-damaged W (reference) and heavy ion (Cu or W 
ion) damaged W from 10-3, 10-2, 0.2 and 0.6 dpa (300 K) and 0.2 dpa (1000 K). 
 
 

2.5 Thermal conductivity of heavy ion irradiated W 

2.5.1 The effect of damage level on thermal conductivity  

We first examine the impact of dosage on κ of samples irradiated by Cu ions at 

room temperature. Figure 2.6 shows the measured room temperature κ values as a function 

of Cu ion dosage. A low κ, 123 ± 47.9 W/m·K, is observed even at 10-3 dpa, which 

corresponds to the fine vacancy clusters formation observed at low fluence room 

temperature radiation.102 As the irradiation dosage increases, κ continues decreasing, 

reaching values of 82 ± 33.3 W/m·K at 10-2 dpa, 61 ± 14.7 W/m·K at 0.2 dpa, and 52 ± 

13.6 W/m·K at 0.6 dpa. The κ of the W irradiated at room temperature likely saturates at 

around 60 W/m·K at 0.2 dpa, considering the relative large measurement uncertainty and 

the previously inferred defect saturation seen in deuterium retention studies.103 The 

significant reduction in κ is likely a result of defects, such as SIAs, vacancies and voids,104 
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produced during heavy ion irradiation,105 that have been observed under similar ion 

implantation conditions directly by Hassanein et al.106 using TEM, as well as indirectly by 

Barton et al.107 based on increased deuterium retention. These displacements damage 

products act as scattering sites to heat carriers, primarily electrons and with a small 

contribution from phonons,108 thus reducing the κ. Those studies show substantial defect 

densities in W irradiated at room temperature at similar irradiation dosage. Saturation of 

the deuterium retention in ion beam damaged W has also been observed at a similar level 

of damage,103 which corresponds to the saturation of thermal conductivity reduction at 0.2 

dpa.  

 

 
 

Figure 2.6. Thermal conductivity of damaged zone in W as measured by 3T technique at 
room temperature. Red hollow circles represent Cu ion irradiated W samples at room 
temperature and green hollow circles represent Cu ion irradiated W sample at 1000 K. 
Black hollow square and orange hollow square represent W ion irradiated W samples at 
room temperature and 1000 K, respectively. The blue triangle is from Ref. [24] (Cu ion, 
irradiated at 0.2 dpa). The arrow shows the pristine W value (182 W/m·K). The error bar 
represents uncertainties in the measurements, mainly coming from temperature 
measurement and the determination of the temperature coefficient of resistance (TCR) of 
the heaters. The uncertainty from the damaged layer thickness is not included. 
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2.5.2 The effect of damage temperature and ion species on thermal conductivity 

We then study the impact of elevated temperature on κ of irradiated W by damaging 

samples at 1000 K (concurrent heavy ion irradiation at elevated temperature, referred as 

dynamic annealing here) followed by thermal conductivity measurements. As shown in 

Figure 2.6, at the sample damage level of 0.2 dpa, dynamic annealing of the irradiated W 

shows a higher κ compared to the samples irradiated at room temperature. This indicates 

that κ is significantly recovered by this dynamic annealing, reaching values of up to 80% 

of the pristine W value. This recovery in κ is due to the reduction in remaining irradiation 

defect, such as dislocation loops, SIAs and vacancies, concentration discussed in Ref. [66], 

after high temperature dynamic annealing. The remaining 20% reduction in κ during 

dynamic annealing comes from the left-over defects that cannot be completely removed at 

1000 K but might get fully removed away at 1673 K.66 We also observed no difference in 

the κ behavior between samples irradiated by W or Cu ions, in neither the original κ 

reduction in the room-temperature samples nor the κ recovery in the annealed samples 

within the measurement uncertainty. This suggests that it is the defects induced by the ion 

irradiation (e.g., vacancy and vacancy clusters), not the implanted ion species themselves, 

that contribute to the original κ reduction. This observation is also consistent with a 

deuterium retention study on dynamically annealed and irradiated W, which shows a 

similar annihilation of deuterium trapping defects, and consequently a low deuterium 

retention level in samples irradiated at elevated temperature (573－1243 K) comparable to 

that in pristine W.85 This recovery phenomenon can be understood from the SIA mobility, 

which is thermally activated with an activation energy of 0.1 eV.109 At elevated temperature 
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(1000 K corresponds to an energy of ~90 meV), mobile SIA will have a higher probability 

to recombine with vacancies or free surface. Neglecting transmutation, our results show 

that a significant amount of displacement damage from neutrons may be annealed out 

provided the wall/divertor armor is held at a sufficiently high temperature.  

Figure 2.7 shows the κ of the ion irradiated W layers as a function of measurement 

temperature of the sample, as well as the reference (non-irradiated W). The κ of reference 

sample agrees well with the published data from NIST within the measurement range. In 

pristine W, as electrons are the main heat carriers, the thermal conductivity can be 

approximated from the Wiedemann－Franz law,  

,i = �«d (2.7) 

where L is the Lorentz number and σ is electrical conductivity.110 Therefore, as 

temperature increases in pristine W, electron-phonon scattering rate also increases, which 

led to a decreasing κ with temperature. However, the temperature dependence of κ of 

damaged W is altered as defects are introduced during the displacement damage. The κ of 

the room-temperature irradiated W samples with large displacement damage (0.2 dpa and 

0.6 dpa) increase from 300 to 370 K, which suggests impurity scattering mechanism starts 

to dominate phonon scattering because defect scattering is mainly influenced by the size, 

mass, and density of defects/impurities, but not temperature. On the other hand, for the 

room-temperature irradiated W samples with low irradiation dosage (10-3 dpa and 10-2 

dpa), κ of the damaged layer is relatively constant or slightly decreased with increased 

sample temperature because the phonon scattering is still more dominant than the impurity 

scattering due to the lower defect concentration. For the W samples irradiated at high 

temperature (1000 K), the temperature dependence is more similar to that of the low dosage 
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samples irradiated at room temperature. This observation further confirms the lower 

impurity concentration in the annealed samples at 1000 K due to the annihilation of the 

defects.  

 

 

 

Figure 2.7. Thermal conductivity of pristine W and ion damaged W layer from 300 K to 
370 K, along with the standard value of W published by NIST. Hollow symbols represent 
the reference sample, NIST data, and the ion irradiated W at 300 K. Filled symbols 
represent ion irradiated W at 1000 K. The error bars are determined as in Figure 2.6. For 
each sample, the error bars are similar within the entire measurement temperature range, 
and only one representative error bar for each condition is shown.   
 

 

2.6 Conclusions 

In summary, we study the impact of heavy ion implantation dosage and temperature 

on thermal conductivity of W through thermal characterization using the improved 3ω 

technique. A decreasing thermal conductivity with increasing ion implantation dosage was 

observed for samples irradiated at room temperature, which can be attributed to the defects, 
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such as SIAs, vacancies and voids, induced by the ion irradiation. This thermal 

conductivity is saturated at approximately 60 W/m·K, or about 30% of the pristine W 

value, when the damage level is above 0.2 dpa. Samples irradiated at an elevated 

temperature (1000 K) show a recovery of thermal conductivity to approximately 80% of 

the pristine W value. This strong recovery suggests the annihilation of the irradiation 

induced defects, such as SIAs and vacancies through recombination, by the high 

temperature annealing. Our studies suggest that there may be an optimal temperature 

window that limits the damage induced by irradiation on the thermal and deuterium 

retention properties of W.  

Chapter 2, in part, is a reprint of the material as it appears in Journal of Nuclear 

Materials, 2017. Shuang Cui, Michael J. Simmonds, Wenjing Qin, Feng Ren, George R. 

Tynan, Russell P. Doerner, Renkun Chen. The dissertation author was the primary 

investigator of this paper. Also, it, in part, is in a manuscript under revision by Journal of 

Nuclear Materials. Shuang Cui, Russ P. Doerner, Michael J. Simmonds, Chuan Xu, 

Yongqiang Wang, Edward Dechaumphai, Engang Fu, George R. Tynan, Renkun Chen. 

The dissertation author was the primary investigator and the first author of these papers. 
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3 Chapter 3 Thermal Transport in He-plasma irradiated 

tungsten 

3.1 Introduction 

Tungsten (W) is considered a promising plasma facing material (PFM) for ITER 

because of its high melting temperature, high thermal conductivity, high sputtering 

threshold energy, and low sputtering erosion yield.16 The near-surface region of PFM is 

exposed to both steady and transient heat loads, suffering from bombardment of large flux 

(1022
－1024 m-2·s-1)111-112 and low-energy (tens of eV to hundreds of eV) of helium (He) 

plasma as well as hydrogen isotopes (H,D,T) plasmas.113-115 As a result, exposed surfaces 

exhibit nanostructured surface morphology under certain irradiation conditions.116-118 He 

holes/bubbles,119-121 fibreform,116-117 and fuzz nanostructures115, 122-124 induced by the 

particle bombardment could in turn modify thermo-mechanical properties of the material 

such as the thermal conductivity and mechanical strength, and ultimately impact the 

performance of PFM such as the surface temperature and erosion yield. It has been pointed 

out that the plasma-induced damage may cause a drastic decrease in optical reflectivity125 

and several orders of magnitude reduction in thermal conductivity based on indirect 

measurement combined with a heat transfer model.126 The reduced thermal conductivity of 

the near surface region could lead to a larger surface temperature rise on the PFM under 

heat loads, especially the transient loads to be expected in ITER, such as edge localized 

modes (ELMs)21-22 (0.2–2.0 MJ/m2 with a duration of 0.1－1 ms127) and disruption (several 

tens of MJ/m2 with ~10 ms period126). In fact, we have shown in our prior publication24 

that the temperature rise across a thicker (~10 µm) damaged layer would be significant 
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even with a moderate thermal conductivity reduction. In addition to the direct temperature 

rise caused by the reduced thermal conductivity in the damaged layer, the lower thermal 

conductivity also leads to a larger temperature gradient in the near surface regime of PFMs, 

resulting in larger thermal stress that could cause the material failure via delamination or 

cracking, as discussed in Ref. [17-19], which also needs to be taken into account in the 

thermal design of future plasma-facing components (PFCs). Therefore, it is of great interest 

to directly quantify the thermal conductivity of the near-surface damaged layer upon He- 

plasma exposure for a better understanding of the impact of plasma irradiation on structures 

and thermal conductivity.  

One of the challenges associated with the direct thermal conductivity measurements 

on the near-surface damaged region lies in the extremely shallow damaged layers due to 

He-plasma irradiation (usually about tens of nanometer thick). In this work, we developed 

independent techniques for bulk and thin film W to tackle this measurement challenge. 

First, to measure the thermal conductivity of the near-surface damaged layers in bulk W, 

we improved the measurement sensitivity of the established 3ω technique by employing 

novel fabrication techniques. Second, we directly used W thin films fabricated by 

magnetron sputtering and studied the effect on thermal conductivity of He-plasma 

irradiation.  

 

3.2 Preparation of He-plasma irradiated W 

3.2.1 He-plasma irradiated bulk W prepared in PISCES-A 

ITER grade W128 disks of 6 mm in diameter and 2 mm in thickness were used as 

the model material for PFM. Discs were electropolished to a mirror finish, cleaned in 

acetone, followed by ultrasonic cleaning in an ethanol bath, and finally annealed at 1273 
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K for 1 hour to reduce the amounts of intrinsic defects. The samples were then exposed to 

pure He plasma in the PISCES-A linear-divertor-plasma simulator at UCSD.129 During the 

plasma exposure, sample temperature was monitored with a thermocouple attached firmly 

against the back surface of the sample. Plasma conditions were measured using a 

reciprocating Langmuir probe. The duration of the plasma exposure was 2000 s. The 

plasma conditions were Te ~7 eV, ne ~6 × 1018 m-3, for a total fluence of 1 × 1026 m-2. The 

incident ion energy of 60 eV was achieved by applying a negative bias to the sample 

manipulator. The sample temperature of 773 K was maintained throughout the exposure 

by adjusting the air cooling rate to the sample manipulator. The surface morphology of W 

disk was examined using a scanning electron microscope (SEM) before and after He 

plasma exposure, as shown in Figure 3.1. 

 

 
 

Figure 3.1. (a, b) SEM images of W targets before exposure to He plasma. (c, d) SEM 
images of W targets after exposure to He plasma at 773 K for exposure time of 2000 s. (e) 
Cross sectional TEM of exposed W target. The thickness of altered morphology layer is 
~20 nm between the protective Pt layer and bulk W substrate. 
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3.2.2 He-plasma irradiated W thin film prepared in PISCES-E 

A W thin film with a thickness of 50 nm was deposited onto a glass substrate 2.54 

cm in diameter using a sputtering system (ULVAC, ACS-4000-C4) from a 99.95% pure 

W target with the power of 150 W at 873 K. The base pressure of the chamber prior to 

deposition was 6.9 × 10-6 Pa, which has already been applied to obtain W thin film with 

low resistivity (about twice of the bulk value).130 The sputtering gas was 99.999% pure Ar 

gas. The sputtering pressure was 5.1 Pa and the Ar flow rate was 20 sccm. By measuring 

the thickness and the total deposition time, the deposition rate was calculated to be 0.12 

nm/s. The density of W thin film was measured to be 17.46 g/cm3, ~9% lower than that of 

bulk W. The W film was then exposed to He plasma utilizing a 13.6 MHz RF source with 

a flux of ~3.6 × 1020 m-2·s-1 up to a fluence of 2 × 1024 m-2 in the PISCES-E plasma 

simulator131 at UCSD. During the exposure, the target was biased to -60 eV to facilitate 

energetic ion bombardment and reached a peak temperature of ~438 K as measured via a 

thermocouple. Similarly, the surface morphology of W thin film was examined by SEM 

before and after the He plasma exposure, as shown in Figure 3.2. 
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Figure 3.2. (a, b) SEM images of W thin film (~ 50 nm) before He plasma exposure. (c, d) 
SEM images of the same W thin film after exposed to He plasma utilizing a 13.6 MHz RF 
source. (e, f) Edges of the exposed W thin film covered with a mask during the He-exposure 
(hence was not exposed to He). No obvious morphology change was observed. 

 
 

3.3 Surface morphology of He-plasma irradiated W 

3.3.1 Surface morphology of bulk W after He-plasma irradiation 

The surface morphology of bulk W was examined using a scanning electron 

microscope (SEM) before and after He plasma exposure, as shown in Figure 3.1(a) and (b) 

and Figure 3.1(c) and (d), respectively. The thickness of the altered structure layer was 

measured to be ~20 nm using transmission electron microscopy (TEM) on the cross section 

of the bulk W exposed to He plasma at 773 K for 2000 s (Figure 3.1(e)). The effect of the 

He plasma was found to induce a dramatic change in the surface morphology. The flat 

surface (Figure 3.1(b)) became rougher, featured with fringe patterns with distinct 
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orientations within each grain (Figure 3.1(d)). The mechanism leading to the W surface 

morphology change is presumably due to the near-surface He trapping at defect sites.124 

The formation mechanisms could consist of the following processes: (i) penetration of 

incident He atoms into W; (ii) diffusion of He atoms and their trapping at thermal vacancies; 

and (iii) formation and aggregation of He bubbles.118, 132 Wave-like microstructures and 

nano-fuzz or voids have been observed when the incident He ion energy was higher than 

~30 eV and the surface temperature ranged from 1000 to 2000 K.38, 118 While a rough 

structure appeared on the surface (Figure 3.1(d)), neither pinhole nor fibrous structure were 

observed on the surface when the surface temperature was lower than 1000 K118 (our 

exposure temperature was 773 K). 

 

3.3.2 Surface morphology of thin film W after He-plasma irradiation 

The surface morphology of the 50 nm thick W thin film was also altered after 

exposure to He plasma in PISCES-E with a surface temperature of 438 K for 5560 s. During 

the experiment, the edge of the W thin film was covered with a mask holder and hence was 

not exposed to the plasma. As expected, the unexposed edge of the W thin film after the 

exposure experiment exhibited a similar surface morphology (Figures 3.2(e) and (f)) as 

before the plasma exposure (Figures 3.2(a) and (b)). However, for the inner area of the 

sample that was exposed to the He plasma, the surface showed a drastically different 

morphology after plasma exposure, as evidenced by a flatter and feature-less surface 

(Figures 3.2(c) and (d)). This morphology change in the irradiated W thin film might also 

originate from the penetration of the He atom into the film, as in the case of the W bulk 

samples discussed earlier. The different morphologies of W bulk and thin film before 



 

42 

 

exposure to He plasma might come from the different crystalline forms and the grain sizes. 

W bulk usually has α-phase structure while W thin film has both metastable β-phase and 

α-phase structure owing to non-equilibrium synthesis or stabilization by impurities. Even 

the β -W could easily transforms to α -W thin films133 under room temperature, both 

crystalline forms might coexist. Also, the smaller grain size in W thin film compared to W 

bulk130 might also lead to a different morphology. 

 

3.4 Thermal measurement of He-plasma irradiated W 

3.4.1 Thermal measurement of bulk W  

Compared to the ion irradiated W samples we measured previously,24, 81 He-plasma 

irradiated layers prepared using PISCES-A are much thinner (measured to be ~20 nm in 

thickness, as shown in Figure 3.1(e)). We, therefore, utilize the 3ω measurement with 

higher measurement sensitivity by additional nanofabrication steps, as discussed in section 

2.3.2. A thinner insulation layer of 30 nm thick Al2O3 was deposited on the sample surface. 

A defined and patterned narrow groves in the Parylene layer to allow the heater strips to 

be deposited directly on top of the thin Al2O3 layer (Figure 3.3(b)), while the four large 

contact pads was deposited to the 600 nm thick Parylene layer to further ensure electrical 

insulation between the contact pads and the W substrates. Compared to the traditional 

design of 3ω device in Figure 3.3(a), the measurement sensitivity is improved by thinning 

down the insulation layer thickness by half since with thicker Parylene layer to insulate 

larger area of contact pads (Figure 3.3(b)), which is the main source of electrical current 

leakage. 
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Figure 3.3. (a) Schematic diagram of a typical 3ω device for thermal measurement of 
damaged layer (1μm in thickness by Cu2+ ion irradiation in Ref. [24]). An insulation layer 
is deposited to prevent electrical leakage between the Au heater and the W sample. (b) 
Adopted 3ω device in this work with improved measurement sensitivity by involving one 
additional protective layer for large contact pads (600 nm thick Parylene) to decrease the 
thickness of the insulation layer underneath the 3ω heater line. 
 

 

3.4.2 Thermal measurement of thin film W  

We used the van der Pauw method, a well established method of determining the 

electrical conductivity of thin films, to measure electronic thermal conductivity of the 

sputtered W thin film before and after the He-plasma irradiation.134-135 The measured 

electrical conductivity («) is then related to electronic thermal conductivity (,e) via the 

Wiedemann-Franz law (W-F law), which is the ratio of the electronic contribution of 

the thermal conductivity (κ) to the electrical conductivity (σ) of a metal, and is proportional 

to the temperature. This approach is valid because electronic thermal conductivity is the 
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dominant part of the total thermal conductivity in W (the lattice contribution is less than 

16.3 W/m·K calculated in Ref. [136] in bulk W, ~10% of electron contribution). In order 

to carry out the van der Pauw measurements, the structure must be of negligible and 

uniform thickness (as compared to the lateral dimension of the structure), be homogenous 

in composition and be symmetrical. More importantly, the area of the contacts on the 

circumference of the structure must be sufficiently small compared to the area of the sample. 

Our sample geometry (Figure 3.4(a)) met all these criteria. 

The electrical configuration of the traditional van der Pauw method is shown in 

Figure 3.4(a), with four contacts labelled 1, 2, 3 and 4 placed 2 mm away from the 

perimeter of the W thin film (2.54 cm in diameter) symmetrically. The measurements were 

done with a probe station using W needles for electrical contacts (Figure 3.4(b)), which 

ensured the small contact areas needed for the van der Pauw method. Resistance R12, 34 = 

V34 / I12, is defined where V34 is the potential difference between contacts 3 and 4 when a 

current I12 is passed through the contacts 1 and 2. Van der Pauw134-135 derived the general 

relationship between the resistances measured when the voltage contacts and the current 

contacts are interchanged,  

�jl_o^,­®/_¦ + �jl_^­,®o/_¦ = 1 (3.1) 

where Rs is the sheet resistance of the sample. The electrical resistivity («) could be 

determined as *= Rs × d where d is the W thin film thickness (~50 nm here). The electronic 

contribution to the thermal conductivity of W thin films was then calculated based on the 

W-F law, 

'�̄ = �d (3.2) 

where ,° is the electronic thermal conductivity, « is the electrical conductivity of 
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the thin film, L is the Lorenz number, and T is the absolute temperature. Sommerfeld theory 

suggests that L should be constant for all metals at the same temperature, and leads to the 

well-known value, � = '̄f = l^
� �±²° �� = 2.44 ×  10j´ µΩ/·� ,137 where e is the 

elementary charge and kB is Boltzmann’s constant.  

 

 
 

Figure 3.4. (a) The electrical configuration schematic of van der Pauw measurement with 
four contacts labelled 1, 2, 3 and 4 placed 2 mm away from the perimeter of the W thin 
film (1 inch in diameter, 50 nm in thickness). Sheet resistance was measured in W thin film 
before and after He-plasma irradiation in a probe station with W needles ensuring micron-
sized contact areas. (b) Measured I-V curve used to determine sheet resistance using the 
van der Pauw method. 

 
 

3.5 Thermal conductivity of He-plasma irradiated W 

3.5.1 Thermal conductivity of bulk W after He-plasma irradiation 

The reference sample was first measured to obtain the thermal conductivity of the 

W substrate and the Al2O3 insulation layer by fitting the measured Trise to the 2D heat 

conduction model.24 The measured Trise vs. modulated frequency of the reference sample, 

as well as the fitting result, is shown in Figure 3.5. Two W references are measured here, 

and fitting results for the thermal conductivity of the W reference #1, W reference #2 and 
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Al2O3 insulation layer were 179 ± 3.2 W/m·K, 190 ± 3.2 W/m·K, and 1.2 W/m·K, 

respectively, at 300K. These parameters were then used in the same 2D model to fit the 

measured Trise from the irradiated sample), with the only fitting parameter being the thermal 

conductivity of the thin He-plasma irradiated layer. The large uncertainty in determining 

the thermal conductivity by this method mainly originated from the small temperature drop 

(~0.09 K) across the much thinner irradiated layer between the reference and irradiated 

samples (~20 nm in thickness, Figure 3.1(e)). 

The , of the pristine W sample was measured by the improved 3ω method and the 

values agree very well with the published data from NIST within the measured temperature 

range,138 thus validating the measurement technique. The , of the He-plasma irradiated 

bulk W sample fitting to two different reference W sample 1 and sample 2, measured within 

the same temperature range as that of the reference W, are plotted in Figure 3.6. The large 

error in the He-plasma irradiated bulk W samples comes from extremely thin thickness of 

the irradiated region. The thermal conductivity of the He-plasma irradiated layer is reduced 

to below 20 W/m·K, or about one order of magnitude lower than that of pristine W (~179 

± 3.2 W/m·K at 300K). This large reduction in thermal conductivity can be attributed to 

the defects formed during He plasma bombardment, as discussed in Figures 3.1(c) and (d). 

Those defects serve as the scattering centers for electrons, the dominant heat carriers in W, 

thus reducing the thermal conductivity of the irradiated layer. Additionally, the relatively 

temperature independent thermal conductivity of the irradiated W layers (Figure 3.6) also 

suggests that the impurities scattering plays a significant role in thermal (and carrier) 

transport. 
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Figure 3.5. Experimental temperature rise with fitted results from a 2D heat conduction 
model of the pristine (Reference) and He-plasma irradiated bulk W. The blue triangles and 
dashed line represent the experimental Trise and 2D fitting for the reference sample with the 
thermal conductivity values of the insulation layer and the W substrate applicable to model 
Trise of the irradiated sample (red solid line) by fitting the measured data (red squares). 
 
 

3.5.2 Thermal conductivity of thin film W after He-plasma irradiation 

Similar to irradiated bulk W, a lower thermal conductivity was also observed in 

sputtered W thin films after He-plasma irradiation in Figure 3.6. The in-plane electrical 

resistivity of the 50 nm thick W thin film extracted before and after the He-plasma 

irradiation by Van der Pauw method was 0.29 ± 0.01 +¸ ∙ º and 1.35 ± 0.03 +¸ ∙ º, 

respectively. The uncertainty was determined based on the distance between the four 

contacts and the edge of the sample (~2 mm), as in Ref. [135]. The possible reasons for the 

slightly higher resistivity of the W thin film compared to that of bulk W (0.053 +¸ ∙ º 41) 

include: [i] the presence of β-W with bulk resistivity in the range of 1.5-3.5 +¸ ∙ º; [ii] the 

incorporation of impurities from the source material or during the sputtering process; [iii] 
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the presence of surfaces and grain boundaries.  

 

 
 

Figure 3.6. Thermal conductivity of pristine W and He plasma damaged W layer in bulk 
W, along with that of thin film before and after irradiation. The error bar represents 
uncertainties in the measurements, mainly coming from temperature measurement and the 
determination of the temperature coefficient of resistance (TCR) of the heaters. The 
uncertainty from the damaged layer thickness is not included. The thermal conductivity of 
the damaged film is at least one order of magnitude lower than that of pristine bulk W, and 
is nearly temperature independent, suggesting the effect of defects introduced during He 
plasma bombardment. 
 

 

From the measured electrical resistivity of the W film before and after the He 

plasma exposure, the electronic thermal conductivity of the W thin film, as determined via 

the W-F law with Lorenz number of 2.44 × 10j´ µΩ/·�,137 was reduced from 25.2 ± 

0.13 W/m·K to 5.44 ± 0.14 W/m·K (~78% deduction) after the plasma exposure. Therefore, 

at least an ~80% reduction in thermal conductivity at room temperature was observed for 

both of bulk and thin film W, as shown in Table 3.1, even though the W thin film has a 
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higher initial defect concentration prior to He plasma exposure. This significantly 

suppressed thermal conductivity in W needs to be considered in the thermal design of 

future PFMs. 

 

Table 3.1. Comparison between electronic thermal conductivity (Irrad. W thin film) 
converted from the W-F law with sheet resistance measured by the van der Pauw method 
and thermal conductivity (Irrad. bulk W) by 3T measurement. At least an approximately 
80% reduction in the thermal conductivity is obtained for the two types of samples. 
 

 W bulk W thin film 
Equipment PISCES-A PISCES-E 

Fluence 1 × 1026 m-2 2 × 1024 m-2 
Temperature 500°C 165°C 

Method 3N W-F law 
Density 19.26 g/cm3 17.46 g/cm3 8_before Irrad. 179 W/m∙K 25.2 W/m∙K 8_after Irrad. <20 W/m∙K 5.4 W/m∙K 

Defects concentration before Irrad. no 7no 8 reduction after Irrad. 88% 78% 
 

 

3.6 Conclusions 

In this work, we used an improved 3 ω  method with increased measurement 

sensitivity to measure the thermal conductivity of the thin damaged region in W after He- 

plasma irradiation. The measured thermal conductivity of the ~20 nm thick irradiated layer 

shows at least one order of magnitude reduction compared to non-irradiated pristine W. 

Similarly, He plasma bombardment was also applied to a sputter-deposited W thin film, 

which caused an approximately 80% reduction in thermal conductivity of the film. The 

reduction in the near-surface thermal conductivity is believed to be contributed by defects 

induced in the irradiation process and may have impacts for thermal management of PFMs. 

Therefore, this work suggests that suppressed thermal conductivity and the effects on the 
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thermo-mechanical behaviours in PFMs needs to be considered in the thermal design of 

future nuclear fusion reactors. 

Chapter 3, in part, is a reprint of the material as it appears in Journal of Nuclear 

Materials, 2017. Shuang Cui, Michael J. Simmonds, Wenjing Qin, Feng Ren, George R. 

Tynan, Russell P. Doerner, Renkun Chen. The dissertation author was the primary 

investigator of this paper.  
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4 Chapter 4 Superabsorbent and tough hydrogels for building 

cooling 

4.1 Introduction 

In most countries, residential and commercial buildings are one of the highest 

energy consumption sectors. In the United States in particular, over 40% of energy 

consumption and greenhouse gas emissions are related to building temperature 

regulation.139 Notably, building energy consumption is still increasing at a rate of 0.5－5% 

annually in developed countries140 and is expected to increase even more rapidly in 

developing countries. Therefore, alternative building thermal regulation technologies, 

based on passive systems, have been extensively studied over past decade,141-143 such as 

night-time ventilation in moderate or cold climate,46-47 high infrared (IR) reflective 

coatings for reducing energy uptake,48-49 and phase change materials (PCMs) for thermal 

energy storage.144-146 Nevertheless, no current passive cooling technologies used in 

buildings possess ideal characteristics such as high cooling efficiency under a variety of 

weather conditions, high durability including resistance to thermal cycling and UV 

irradiation, and low cost. For example, PCMs are less effective under high solar intensity 

fluctuations due to their low latent heat (~hundreds of kJ/kg). More efficient and durable 

cooling materials and systems are needed for sustainable building cooling.  

In nature, plants and animals are autonomously adaptive to increases in 

environmental temperature through transpiration and perspiration of water, which has one 

of the highest latent heats among fluids. Inspired by such passive biological cooling 

processes, several self-adaptive technologies involving bio-inspired artificial skins have 

been reported.147-151 One of the more promising materials is based on superabsorbent 
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polymers, or hydrogels, which can contain more than ~90 wt% water in their fully swollen 

state.152-153 These swollen hydrogels can be applied to the roofs of buildings,154 acting as 

artificial ‘skins’ to provide cooling. By applying hydrogel coatings, heat dissipation is 

enhanced through the evaporation of water inside the hydrogel, enabling surface 

temperature reductions of 10-30°C in various objects, such as skin,155-156 handheld 

electronics,157-159 Li-ion battery packages,160-161 and buildings. This remarkable 

autonomous cooling capability makes hydrogels an attractive candidate for energy-

efficient building cooling.  

Importantly, hydrogels previously investigated for cooling applications have not 

yet demonstrated one key feature required to truly mimic biological skins: durability and 

reusability for repeatable cooling. Only limited regeneration capability tests have been 

performed on hydrogels for cooling applications.160-162 The maximum cycling number 

demonstrated so far is about six, which is far below the amount needed for practical cooling 

applications. Hydrogels utilized for bio-inspired cooling so far are often brittle, as 

measured by low fracture energies (~10 J/m2),163 which is orders of magnitude lower than 

that of human skin (~1,800 J/m2).164 These poor mechanical properties (low stretchability 

and toughness) severely limit the scope of cooling applications for hydrogels, where 

reusable and regenerable cooling is important for both long-term performance and cost-

effectiveness. For example, embedding hydrogels inside roofing162 makes it unfeasible to 

replace the gels after only a few cycles. Furthermore, degradation and aging of hydrogels 

via UV radiation hinders outdoor applications,165-167 such as for coating windows or 

building facades.  
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In this work, we report, for the first time, the application of a highly stretchable and 

tough double network hydrogel (DN-Gel)168-169 as a regenerable ‘sweating skin’ for cooling 

buildings. Compared with single network hydrogels (SN-Gels) used in previous cooling 

studies,155-158, 161-162 DN-Gels have significantly higher fracture energy (~9,000 J/m2),170 

comparable to that of animal skin.171-172 While the toughness of DN-Gels is well 

established, their suitability for cyclic cooling or heating has not been studied. During the 

cooling process, the internal morphology (e.g., porosity) could change upon 

swelling/deswelling cycles, or the material may degrade after exposure to heat and UV 

radiation. Herein, we show that DN-Gels exhibit excellent evaporative cooling 

performance as well as extraordinary toughness and cyclability, as demonstrated by 

continual cooling performance over more than 50 cycles.  

 

4.2 Materials preparation 

4.2.1 Reagents and materials 

The DN-Gel monomers, alginate (AG) and acrylamide (AAm) (99+% 

electrophoresis grade) were purchased from FMC BioPolymer and Alfa Aesar, 

respectively. A crosslinker, N,N’-methylenebis (acrylamide) (MBAA) (> 98.0%) and 

calcium sulfate dehydrate (> 99%), crosslinking accelerator, N,N,N’,N’-

tetramethylethylenediamine (TEMED) (99%), and photoinitiator, ammonium persulfate 

(AP) (> 98.0%), were purchased from Sigma-Aldrich. The SN-Gel monomers, acrylic acid 

(AAc) (99.5%), and photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA) (99%), 

were purchased from Alfa Aesar and Acros, respectively. All chemicals were used as 

received without any purification. 
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Table 4.1. Reagents for DN-Gel and SN-Gel synthesis. 
 

Reagent DN-Gel SN-Gel 

Monomer 
alginate (AG) / 

acrylamide (AAm) 
acrylic acid (AAc) / 
acrylamide (AAm) 

Crosslinker 
N,N’-methylenebis (acrylamide) 

(MBAA) / calcium sulfate 
N,N’-methylenebis 

(acrylamide) (MBAA) 

Crosslinking 
accelerator 

N,N,N’,N’- 
tetramethylethylenediamine 

(TEMED) 
- 

Photoinitiator ammonium persulfate (AP) 
2,2-dimethoxy-2- 

phenylacetophenone (DMPA) 
 
 

4.2.2 Hydrogel preparation 

To prepare DN-Gels, AG and AAm were dissolved in DI water with weight ratios 

of 2%, 12%, and 86%.[35] We then added 0.06 wt% MBAA, as a cross-linker to AAm, and 

0.17 wt% AP, as a photoinitiator for AAm, to the solution. After degassing the solution in 

a vacuum chamber, we added 0.25 wt% TEMED, as a cross-linking accelerator to AAm, 

and 13 wt% calcium sulphate slurry, as an ionic cross-linker to AG, for homogeneous 

mixing using a syringe technique. The solution was poured into a plastic petri dish, cured 

with UV light (λ = 254 nm) for 1 hour at 50°C, and then left in a humid box for 24 hours 

to stabilize the reaction. 

For SN-Gels, a photoinitiator solution was prepared from 0.1923 g of DMPA in 

10.0 mL of DMSO.173 The solution was sonicated until all the DMPA was dissolved, then 

covered and kept in the dark. A pre-polymer solution contained the monomers and cross-

linking agent in a pH buffer solution with a molar ratio 7:3 of AAc to AAm and a 0.128 

mol% crosslink density to the total monomer. The photoinitiator solution and the pre-

polymer solution were homogeneously mixed via sonication for 1 hour. The solution was 
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then poured into a petri dish and polymerization was initiated by exposure to a UV lamp 

(λ = 365 nm) at room temperature for 10 minutes. 

 

4.3 Experimental 

4.3.1 Cooling experiments 

To investigate the cooling performance and cyclability of tough DN-Gels, we 

conducted cooling experiments on miniaturized model houses under simulated solar 

irradiation (QL 1500 Series lamp) with a maximum power density of 1000 W/m2. Two 

identical model houses made of oak wood (with thermal conductivity of 0.17 W/m∙K, 

density of 740 kg/m3, and thickness of 0.025 m), each with a roof surface area of 64 cm2 

(Figure 4.1((a)), were built to compare the cooling effectiveness of the DN-Gels and SN-

Gels. Thermocouples were attached to the top and bottom surfaces of the roof panel on 

both model houses to monitor the temperature rise induced by simulated solar irradiation. 

To directly compare cooling performance, both types of hydrogel layers were soaked in 

deionized (DI) water for ~8 hours prior to attaching them to the model house roofs. An 

acrylic adhesive was used to ensure good thermal contact between the hydrogel layer and 

roof. A solar simulator was used to apply a normal incident irradiance of ~800 W/m2 to 

both roofs. Similar experiments were conducted to test the cyclability of the DN-Gels and 

SN-Gels after reducing soaking and drying time to ~5 hours, and varying incident 

irradiance power (700 W/m2 and 800 W/m2). The thickness of the tough DN-Gel mats 

synthesized here is initially 1 cm but can reversibly expand up to 2 cm in the swollen state 

after storing up to 90 wt% water.169-170, 173 We also synthesized a 0.8 cm thick SN-Gel (Poly 

(AAm-AAc)) according to a reported recipe.173 
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4.3.2 Mechanical test 

Dog-bone shaped specimens were laser cut according to the ASTM D-412 standard 

for the freshly prepared and cycled DN-Gels (after 50 cycles) in both the dehydrated and 

swollen states. The tensile test was conducted using an Instron 5965 universal testing 

instrument with a strain rate of 0.02 s-1. Nominal stress was defined as the ratio between 

the applied force and the initial cross-sectional area of the specimen, and stretch was 

defined as the ratio of the current and initial length of the specimen. 

 

4.3.3 Swelling ratio test 

Cubes of dry gels with sides measuring 0.5 cm were immersed in DI water at a 

relative humidity of ~50% at room temperature. The gels were continuously retrieved from 

the water and, after removing excess water from the cube surface, weighed, until the gels 

reached fully saturated states, indicated by no additional weight gain over 3 more weighing 

cycles. The Swelling Ratio (SR) was defined as the ratio of the gained weight of water 

inside the hydrogel to that of the initial dehydrated gel.174-175 

 

4.4 Effective and regenerable cooling performance of DN-Gels 

The house models covered with hydrogel layers, as shown in Figure 4.1(a), were 

built and subjected to simulated solar irradiation ranging from 700 to 800 W/m2. Following 

Sun et al.,170 DN-Gels were synthesized, with the chemical formula of the gel shown in 

Figure 4.1(b), which have two types of polymer networks, ionic Ca2+ crosslinks (red 

ellipse) in the alginate gel and covalent N,N-methylenebisacrylamide (MBAA) crosslinks 

(blue circles) in the polyacrylamide gel, intertwined and joined by covalent crosslinks 

(green squares) between amine groups on the polyacrylamide chains and carboxyl groups 
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on the alginate chains.168 For comparison, SN-Gels,173 abbreviated as poly (AAm-AAc) 

hereafter, were also synthesized. 

 

 
 

Figure 4.1. (a) Schematic of the experimental setup. Miniaturized house models were 
covered with a hydrogel layer and subjected to simulated solar irradiation to test the 
effectiveness and regenerability of cooling. (b) Chemical fomula of the alginate-
polyacrylamide hybrid based DN-Gel. Two types of polymer networks, ionic Ca2+ 
crosslinks (red ellipse) in the alginate gel and covalent N,N-methylenebisacrylamide 
(MBAA) crosslinks (blue circles) in the polyacrylamide gel, intertwined and joined by 
covalent crosslinks (green squares) between amine groups on the polyacrylamide chains 
and carboxyl groups on the alginate chains. 

 
 

4.4.1 Cooling effectiveness of DN-Gels 

Figure 4.2 shows the results of the cooling experiments on the house models coated 

with the DN-Gel, SN-Gel, and without any gel, which were subjected to simulated solar 

irradiation of 800 W/m2. As shown in Figure 4.2(a), both types of hydrogels exhibited 

similar cooling capability during the first three hours of solar irradiation. In comparison to 

the model without an applied hydrogel coating, water evaporation from the hydrogel coated 

models lowered the top temperature of the roof by as much as 30°C. However, the roof 

temperature of the SN-Gel coated model increased gradually after the first three hours and 
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reached the final equilibrium temperature after four hours, which is about 30°C and 8°C 

higher than the temperature of the top and bottom surfaces of the DN-Gel coated roof, 

respectively. Additionally, the DN-Gel enabled a significantly longer cooling duration and 

continuously maintained the bottom surface of the model roof at 49°C for up to seven hours, 

as shown in Figure 4.2(a). The longer cooling duration of the DN-Gel is also evident from 

the net heat flux entering the house models. The net heat input, as shown in Figure 4.2(b), 

was calculated from Fourier’s law, H = −, efeC, where the thermal conductivity ( , = 0.17 

W/m∙K) and thickness (0.025 m) of the roof is known and the temperature difference 

between the top and bottom roof surfaces was measured. Before solar irradiation, both DN-

Gel and SN-Gel model houses were at room temperature. During the initial ~30 minutes 

upon solar irradiation, the temperature at the top and bottom surfaces of the house model 

were both increasing due to the transient heat transfer behavior (Figure 4.2(a)). As a result, 

the net heat flux entering the house models, which was calcuated based on the temperature 

difference between the top and bottom surfaces, also increased with time. This temperature 

rise resulted in higher water evaporation rate from the hydrogels, leading to decreasing net 

input heat flux in both the DN-Gel and SN-Gel cases from ~30 minutes to ~3 hours. After 

~3 hours, the DN-Gel house reached the steady state, whereas the house covered with the 

SN-Gel, which contained a smaller amount of water, experienced increasing temperature 

and heat flux because the stored water was exhausted. With the DN-Gel layer, a much 

lower net heat input (~50 W/m2) with constant cooling is observed compared to that of the 

SN-Gel layer (~250 W/m2) after four hours, which shows that the DN-Gel effectively 

rejects about 93% of the incident solar irradiance. As we shall see later, the longer cooling 

duration of the DN-Gel layers is a result of the larger amount of absorbed water during the 
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soaking period (~8 hours) and a slightly larger thickness while in the dehydrated state (1.0 

cm vs. 0.8 cm), compared to that of the SN-Gel.  

 

 
 

Figure 4.2. (a) Comparison of the cooling effectiveness of the DN-Gel and SN-Gel. (b) 
Net input heat flux entering the model houses coated with DN-Gel and SN-Gel layers. The 
DN-Gel provides a longer cooling duration with a lower net heat flux entering the structure, 
compared to that of the SN-Gel. 
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4.4.2 Cooling cyclability of DN-Gels 

Two model houses, each covered with a DN-Gel and SN-Gel, respectively, were 

subjected to repeated cycles of drying for cooling (subjected to simulated solar irradiation) 

and replenishing by hydration charging (soaking in water). The model house with the DN-

Gel was subjected to a total of 50 cycles, with 24 cycles of 700 W/m2 (cloudy days) and 

26 cycles of 800 W/m2 (sunny days) solar irradiation, at a relative humidity of ~50% 

(ambient temperature). The DN-Gel effectively lowered the bottom surface temperature of 

the house roof to 43°C (Figure 4.3(a)) and 49°C (Figure 4.3(b)) for the 700 W/m2 and 800 

W/m2 solar irradiation cases, respectively. The slight variation in roof temperatures was 

likely caused by ambient temperature/humidity changes. The cycling experiment clearly 

shows that the cooling power and water storage capacity of the DN-Gel layer does not 

degrade after 50 cycles, demonstrating the regenerability of the cooling performance 

offered by the DN-Gel. As shown in Figure 4.3(d), after 50 cycles, the DN-Gel network 

still maintains integrity upon repeated volume expansion and UV irradiation, further 

demonstrating its durability. This degree of cyclability has not been observed in any of the 

previously studied artificial hydrogel skins based on SN-Gels. Furthermore, the SN-Gel 

layer only exhibited sustained cooling capability during the first two cycles, maintaining 

the bottom temperature of the roof at 43°C (Figure 4.3(c)) for the 700 W/m2 solar 

irradiation case. During the third cycle, the SN-Gel layer failed to cool the roof, and the 

bottom temperature increased to 50°C due to collapse of the SN-Gel network (Figure 

4.3(d)).  
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Figure 4.3. Cooling cyclability test of the DN-Gel and SN-Gel. Roof temperatures for: (a) 
DN-Gel coating for 24 cycles (cloudy days), (b) DN-Gel coating for 26 cycles (sunny days), 
and (c) SN-Gel coating for 3 cycles (cloudy days). (d) DN-Gel surface (intact after the 50th 
cycle) and SN-Gel surface (cracked after the 3rd cycle). 
 
 

4.5 Sustainable mechanical performance of DN-Gels after cycling 

In order to better understand the enhanced cooling cyclability and its correlation 

with the mechanical properties of the DN-Gel, tensile tests on fresh and cycled DN-Gels 

(after the aforementioned 50 swelling-deswelling cycles) were performed. Figure 4.4(a) 

shows that the cycled DN-Gels possess comparable stress-stretch curves to those of fresh 

gels, in both the swollen and dehydrated states, indicating little mechanical degradation 

due to cycling. The figure also shows that the DN-Gels in the dehydrated state are less 

stretchable than those in the fully swollen state for both fresh and cycled gels, as one would 
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expect. The sustainable high stretchability of the swollen DN-Gel after cycling is also 

demonstrated by the insets in Figure 4.4(a) for the cycled gel before and during the tensile 

test. 

Besides the sustainable mechanical properties of the DN-Gel, the hydration 

(swelling) characteristics of the cycled DN-Gel layers are also comparable to the fresh ones. 

The cooling duration is dictated by the amount of water stored in the gel, which is 

characterized by the swelling ratio (SR). Figure 4.4(b) shows the SRs of the DN-Gels as a 

function of soaking time, demonstrating similar swelling behavior between the cycled and 

fresh samples. In both types of samples, the swelling process is initially fast and gradually 

slows down before reaching a maximum SR of approximately 40 after 50 hours. Figure 

4.3(a) and (b) and Figure 4.4(b) show that the performance of the DN-Gel is not degraded 

during both the drying and replenishing processes, illustrating the regenerability of the 

hydrogels, which is important for building cooling applications.  

The inset in Figure 4.4(b) also shows that the maximum SR is only ~4 for the SN-

Gel. This observation is consistent with a previous study on the SR of the same SN-Gel, 

namely Poly (AAm-AAc).176 Compared to DN-Gels, the charging capacity of the SN-Gel 

is 4 to 5 times lower within the 8-hour soaking time for the cooling effectiveness test. This 

explains the shorter cooling performance of the SN-Gel exhibited in Figure 4.2. It should 

be noted that this SR behavior is specific to the SN-Gel used in this study, i.e. Poly (AAm-

AAc) with an AAc : AAm ratio of 7:3, in DI water at a relative humidity of ~50% and 

room temperature. Other compositions of AAc and AAm of Poly (AAm-AAc) in a 

different PH-buffer173, 176 or other types of SN-Gels have shown larger SRs.177-178 

 



 

63 

 

 
 

Figure 4.4. (a) Sustainable mechanical properties of the DN-Gels after 50 cycles compared 
to fresh DN-Gels in both swollen and dehydrated states, as measured by the nominal stress 
vs. stretch curves. Crosses indicate mechanical breakage of the specimens. Insets are the 
swollen DN-Gel after 50 cycles before and during the tensile test. (b) Comparable swelling 
ratio (SR) of the cycled and fresh DN-Gels. Insets shows the lower SR of the specific SN-
Gel studied in this work, which explains its shorter cooling duration observed in Figure 4.2. 
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The fractured fresh and cycled (after 50 cycles) DN-Gels were dried via critical 

point drying (CPD) and the sample surfaces were examined with a scanning electron 

microscope (SEM). The surfaces, which fractured due to stress from the swollen state, 

reveal a porous structure (Figure 4.5(a) and (b)) compared with those of the dehydrated 

DN-Gels (Figure 4.5(c) and (d)). The fractured surface in the swollen state of the cycled 

DN-Gel (Figure 4.5(b)) is more porous than that of the fresh one (Figure 4.5(a)), leading 

to its slightly higher SR (Figure 4.4(b)). The porous structure in the swollen state also leads 

to a rougher surface of the cycled specimen in the dehydrated state (Figure 4.5(d)) after 

undergoing many cooling cycles. This observation is consistent with our initial hypothesis 

that the DN-Gels still maintain their mechanical integrity as well as the drying and 

replenishing performance, even after undergoing minor structural changes associated with 

the cycling. 
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Figure 4.5. Surface characteristics of the DN-Gel in the (a) fresh and (b) cycled swollen 
state, and (c) fresh and (d) cycled dehydrated state. DN-Gels after 50 cycles show more 
porous and rougher surfaces in swollen and dehydrated states, respectively. Scale bars = 1 μm. 
 
 

4.6 High transparency of DN-Gel 

DN-Gel coatings are advantageous over other coating materials due to their high 

transparency when applied on building windows. To demonstrate the effectiveness for 

window cooling applications, DN-Gels were placed on a transparent glass sheet under 

simulated solar irradiation of 800 W/m2. As shown in Figure 4.6, the temperature of the 

glass sheet covered with the DN-Gel layer is about 10°C lower than that of the control glass 

sample without a hydrogel layer over a period of 3 hours. The transparency of the DN-Gels 

is shown in the photographs taken before and after the cooling experiments, Figure 4.6(b) 
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and (c), respectively. Before the cooling test, the fresh DN-Gel contains over 95 wt% water. 

Images underneath the hydrogel layer and glass sheet are clearly visible (Figure 4.6(b)). 

As the temperature increases, the DN-Gel undergoes a phase transition from a hydrated 

swollen state to a dehydrated state, resulting in water release. The transparency of the DN-

Gels decreases with reduced water content during cooling, as revealed by the blurry images 

under the DN-Gel and glass sheet in Figure 4.6(b). In order to adapt to different climates, 

the transparency of the DN-Gel can be set according to specific requirements by controlling 

the water content as well as evaporative cooling duration.  

 

 

 
Figure 4.6. (a) Cooling effectiveness of the DN-Gel on transparent glass. Transparency 
before (b) and after (c) cooling performance tests. 
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4.7 Energy and economic analysis 

4.7.1 Energy saving performance 

The heat balance on the roof surface is: "U = �u + ℎg�dg��1 − d�2g� + ℎ¼�dg��1 −
d�2g�,179 where " is the solar absorptance (~50% for a silver-colored roof), U is the solar 

insolation (maximum ~1 kW/m2), �u is the thermal radiative cooling rate varying from 50

－100 W/m2 as demonstrated in Ref. [180], ℎg is the radiative heat transfer coefficient 

(ℎg = 4½«d�2g� , ½ = 0.9 and « = 5.67 W/m2∙K4), and ℎ¼  is the convective heat transfer 

coefficient ( ~ 6.6 W/m2∙K, estimated in Ref. [181] for Troof - Tair = 30 K). Therefore, the 

temperature difference is Troof - Tair = (αU −Lo) / (hr + hc). Electrical energy savings and 

associated carbon dioxide (CO2) emission reductions are estimated for a mid-sized house 

with and without the DN-Gel coating on the roof located in Southern California, shown in 

Table 4.2. In order to sustain an interior temperature of 20°C, an air conditioner will 

consume ~ 600 kWh of electrical power per year for a house with a silver-colored roof. 

With a DN-Gel coating on the roof, the electricity cost and CO2 emissions are reduced by 

47% for the same house. The hydration charging of DN-Gels can be accomplished by 

several ways, such as utilizing recycled water and collecting raining water. Based on the 

reduction in heat uptake (31 MJ per day) and the latent heat of water, the amount of water 

for hydration charging is estimated to be less than 1.4 m3 per year for a roof area of 100 

m2.  

We can further compare DN-Gel cooling technology to another emerging cooling 

technology, PCMs. PCMs are also a promising material for building thermal regulation but 

their main disadvantages are high material cost and low latent heat. For instance, paraffin, 
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one of the most common PCMs, has a cost of $1692－1800 m-3 and a latent heat of 147 

kJ/kg.182 Hydrogel could be more advantageous due to its low cost ($370 m-3) and the 

associated high latent heat of water. 

 

Table 4.2. Energy savings and CO2 emission reduction with DN-Gel coating roof. 

 
 Toutside 

[°C] a)  

Tinside 

[°C] 

Heat uptake 

/day [MJ] b) 

Electricity 

cost/year [$] c) 

CO2 emission/ 

year [kg] d) 

Bare roof 

(no gel) 
67 20 ~65 ~90 ~340 

DN-Gel 

coating roof 
45e) 20 ~34 ~47 ~180 

 

a) Calculated by assuming d�2g  = 35°C in hot summer. b) Calculated as �d�.�h2¾i −d2vh2¾i�¿z��.hi# with # = 6 h and an overall heat transfer coefficient of roof U = 0.637 
W/m2∙K.183 z��.hi=100 m2 is the irradiated surface area. c) Assuming 100 hot days per year, 
electricity cost = $0.15 / kWh, COP of an air conditioner = 3. d) 0.563 kg CO2 emission per 
kWh.184 e) hr is 4-5 times higher when hydrogel coating is applied.158  
 
 

4.7.2 Manufacturing scalability and application feasibility 

Tough hydrogels can be manufactured at scale with low cost. The reagents, such as 

acrylic acid (AAc) and its sodium or potassium salts, and acrylamide (AAm), are already 

being used in large volume in hydrogel manufacturing,185 e.g., baby diapers. Major 

equipment186-187 involved in production, e.g. alginator and mixer, heater, and UV light for 

curing, are standard industrial equipment being employed in industrial polymer 

production.188 Table 4.3 summarizes the estimated cost of the raw materials for 

manufacturing tough hydrogels. The total cost is approximately $3.7 for a hydrogel sheet 

of 1 m2 area and 1 cm thickness. Also, the high toughness enables the application of the 

DN-Gels directly on the surface for cooling with acrylic adhesive. Additionally, DN-Gels 
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can be encapsulated in the outermost layer of roofs, windows or walls with porous covers. 

After evaporative cooling, the hydration charging for DN-Gels can be achieved, for 

instance, via automatically irrigation systems.   

 

Table 4.3. Raw reagents and their price for tough hydrogel synthesis. 
 

Reagents 
Market 

Price ($) 

Price($)/ 

kilogram 

DN-Gel 

material(kg)/ 

piece* 

DN-Gel 

price($)/

piece 

Alginate (AG) 3000/ton 3 0.25 0.75 
Acrylamide (AAm) 1900/ton 1.9 1.5 2.85 
N,N’-methylenebis 

(acrylamide) (MBAA) 
50/kg 50 0.001 0.05 

Calcium Sulfate 500/ton 0.5 0.033 0.0165 
N,N,N’,N’- 

Tetramethylethylenediamine 
(TEMED) 

5/kg 5 0.0037 0.0185 

Ammonium Persulfate (AP) 700/ton 0.7 0.0025 0.00175 

Total    $3.7 

 
* 1 piece of tough hydrogel with dimension of 1 m ×1 m ×1 cm.  

 
 

4.8 Conclusions 

In summary, we have demonstrated the high cooling performance and remarkably 

regenerable cooling capability of tough DN-Gels for building cooling applications. The 

DN-Gels exhibit outstanding cooling performance by reducing the surface temperature of 

wood roofs and glass windows by 25－30°C and 10－15°C, respectively. Compared to 

SN-Gels, the cooling power and water absorption capacity of the DN-Gels are preserved 

for more than 50 cooling cycles. Compared to white roofs,189-190 hydrogels have the 

additional feature of high transparency,191 rendering them attractive for building window 

applications. Therefore, we envision that the remarkable mechanical and thermal properties 
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of these tough DN-Gels, especially the significantly improved cyclability, will offer a novel 

bio-inspired energy-efficient cooling approach for buildings. Our materials could also be 

applied for energy-efficient thermal management of other devices and systems, such as 

electronics, occupational clothing, and batteries.  

Chapter 4, is a reprint of the material as it appears in Applied Energy, 2016. Shuang 

Cui, Chihyung Ahn, David Leung, Matthew C. Wingert, Shengqiang Cai, and Renkun 

Chen. The dissertation author was the first author of this paper.  
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5 Chapter 5 Super-absorbing porous thermo-responsive 

hydrogel composite (TRHC) desiccant with low 

regeneration temperature  

5.1 Introduction 

Desiccants are hygroscopic materials with high affinity to water vapor. They 

generally have lower partial vapor pressure than surrounding air at the same temperature, 

thus absorbing or adsorbing moisture from air when brought into contact. Desiccants are 

of great importance in humidity control and have numerous applications, including 

dehumidification in food and medicine,192 desiccant assisted cooling in building heating, 

ventilating, and air conditioning (HVAC) systems,61, 193 water harvesting in drought 

areas,194-196 and natural gas dehydration in oilfields.197-198 Desiccants are typically 

classified into two categories based on their physical states: liquid desiccants and solid 

desiccants. Liquid desiccants, such as LiCl and CaCl2 salts, usually have a high absorption 

capacity. They form crystalline hydrates through chemical reaction with water molecular 

during the absorption, and then dissolve into the absorbed water, finally result in aqueous 

salt solution.199 This deliquescence of liquid desiccants limits their applications in many 

scenarios. For instance, it is difficult to handle aqueous solution in dehumidification of 

food and medicine. Additionally, the salt solution is corrosive to certain metals if it leaks 

into the system (so called the ‘droplet carryover’ problem).200 Therefore, solid desiccants 

are more preferred due to their ease and versatility of operation, and chemical inertness.51, 

201 Typical solid desiccants, such as silica gels, zeolites, and natural clays, achieve physical 

adsorption of the vapor molecular onto their surface via hydrogen bonding  and retain the 
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moisture because of the difference of vapor pressure in the pores of the desiccants and in 

the surrounding air. However, solid desiccants have relatively low adsorption capacity and 

kinetics compared to liquid desiccants because the adsorption process occurs on the surface 

and water molecules cannot penetrate into the interior of the material. For silica gels, even 

with high surface area of 650－900 m2/g enabled by nanometer-scale pore size ranging 

from 2－3 nm (type A) to about 0.7 nm (type B),202 they still have a relatively low 

adsorption capacity (0.37 g/g, or 0.37 gram of absorbed moisture per gram of desiccant) 

and a slow adsorption rate with diffusivity of ~3.41 × 10-11 m2/s at room temperature and 

76% relative humidity (RH).203 Recently, composite desiccants such as the ‘salt in matrix’ 

(SIM) structures have been considered as a promising approach to improve the adsorption 

capacity of solid desiccants.204-205 By impregnating hygroscopic salts inside the traditional 

solid desiccants, such as silica gels, zeolites and natural clays, the adsorption capacity of 

the composite desiccants can be enhanced by 3 to 5 times.206 The adsorption properties of 

composite desiccants can be further tailored through varying the host matrix material and 

structure, salt chemical nature and content, and synthesis conditions.207-209 For example, 

superabsorbent polymers, such as polyacrylamide and polyacrylate, have been chosen as 

the matrix due to their high water retention capability.210-211 Superabsorbent hydrogel 

composite (SHC) desiccants made of superabsorbent polymer matrix can achieve a high 

absorption capacity of 2.43 g/g (90% RH and 30°C, 80 wt% CaCl2 in polyacrylamide 

matrix)212 and 2.76 g/g (99% RH and 25°C, 87 wt% LiCl in polyacrylate matrix),213 

respectively. 

Though numerous ongoing studies have been directed at the fabrication of 

advanced desiccants with improved water sorption capacity, less attention is paid to 
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improve the adsorbate transport and regeneration ability of desiccants, which is of great 

significance for applications such as desiccant assisted air conditioning. The ideal desiccant 

should have fast sorption and desorption kinetics, especially easily desorbs the moisture at 

a relative low temperature for high energy efficiency since the regeneration process is 

usually realized by heating, which is typically energy intensive. To fully utilize low-grade 

thermal energy, it is desirable to limit the regeneration temperature to be less than 80°C 

because over 50% of waste heat resources lie in the temperature range of 32－82°C214 and 

a lower temperature typically means less heat loss. However, it is difficult for solid 

desiccants to simultaneously possess both high adsorption capacity and low regeneration 

temperature because a strong affinity to water for high adsorption capacity means high 

thermal energy required to break the adsorbent-adsorbate bonds during the regeneration.205 

The state-of-the-art composite desiccants with CaCl2 in silica gel matrix have regeneration 

temperature of 80－100°C, low adsorption capacity ranging from 0.3－0.76 g/g. Although 

no regeneration data was reported for SHC desiccants, an even higher regeneration 

temperature is expected because the superabsorbent polymers have a stronger water affinity 

(hydrophilic), the very reason why they have a super-high absorption capacity. Thus, 

developing a novel desiccant with high adsorption capacity as well as fast desorption at a 

low regeneration temperature is significant for a variety of energy efficient applications 

involving desiccants.  

Here, we proposed and demonstrated a porous thermo-responsive hydrogel 

composite (TRHC) desiccant with high adsorption capability (~2.3 ± 0.1 g/g in 3 hours at 

97% RH and RT) and fast desorption at a low regeneration temperature (over 60% water 

removal during desorption in 50 minutes at 50°C) for the first time, by impregnating 
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hygroscopic agents into a thermo-responsive hydrogel matrix via a sol-gel method. The 

resultant solid desiccant has similar behavior to liquid desiccant and possesses type-III 

isotherm215 based on the classification of IUPAC (International Union of Pure and Applied 

Chemistry) due to its hygroscopic nature offered by the salt (CaCl2). TRHC desiccant 

utilizes the salt on the surface of the porous hydrogel matrix to achieve high-capacity and 

fast adsorption as in liquid desiccants, and yet the hydrogel matrix serves as the water 

storage medium to prevent the leakage of the liquid salt (i.e., solution carryover), thus 

effectively converting the liquid salt into a solid desiccant. Meanwhile, the unique thermo-

responsiveness of the hydrogel matrix facilitates the fast desorption at a relative low 

regeneration temperature since the matrix, mainly made of N-Isopropylacrylamide 

(NIPAAm), becomes hydrophobic above its lower critical solution temperature (LCST, 

~32°C)158, 216 and results in polymer shrinkage for facile water release.  

 

5.2 Material preparation 

5.2.1 Reagents and materials 

The monomers of N-Isopropylacrylamide (NIPAAm) and sodium alginate were 

purchased from Sigma-Aldrich, ≥ 99% reaction grade. N,N’-Methylenebis(acrylamide) 

(MBAA, 99%) and aluminum chloride hexahydrate (AlCl3∙6H2O, 99%) as cross-linker, α-

ketoglutaric acid (≥ 98.5%) as initiator, and anhydrous calcium chloride (≥ 97%) as 

hygroscopic agents were also purchased from Sigma Aldrich. 

 

5.2.2 Thermo-responsive hydrogel synthesis 
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Thermo-responsive hydrogels were synthesized in a two-step method as shown in 

Figure 5.1, by following our previous synthesis of tough hydrogels.210, 217 In the first step, 

NIPAAm, sodium alginate, α-ketoglutaric acid, and MBAA were dissolved in deionized 

(DI) water to obtain a homogeneous solution. This solution was transferred into a mold and 

irradiated by UV light (λ=365 nm) for 12 hours. After UV exposure, the NIPAAm 

monomers were polymerized, resulting in a Na-alginate/PNIPAAm hydrogel. In the second 

step, the Na-alginate/PNIPAAm hydrogel was immersed in an AlCl3 aqueous solution, 

resulting in the transparent Al-alginate/PNIPAAm hydrogel by replacing the Na+ cations 

with Al3+ cations. 
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Figure 5.1. (a) Two-step method used to create TRHC desiccant’s thermo-responsive 
polymer matrix－double network Al-alginate/PNIPAAm hydrogel－through free radical 
polymerization. (b) Schematic demonstrating thermo-responsive behavior of Al-
alginate/PNIPAAm hydrogel with reversible dramatic volume change when temperature is 
higher or lower than the LCST. (c) Tough and highly stretchable Al-alginate/PNIPAAm 
hydrogel (stretched up to 7 times) with inset pictures of dog-bone shaped specimen before 
and during tensile test. 
 
 

5.2.3 Porous thermo-responsive hydrogel (TRHC) desiccant synthesis 

TRHC desiccants were synthesized with a two-step freeze drying method by 

impregnating inorganic salt (anhydrous calcium chloride) into porous thermo-responsive 

and tough hydrogel matrix, as shown in Figure 5.2(a-d). Thermo-responsive and tough 

hydrogels were first immersed in DI water until a fully swollen state was reached. Then 
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the hydrogels were cut into 1.3 cm2 squares (Figure 5.2(a)), packed in ice in a freezer, and 

freeze dried for the first time to form porous hydrogel matrix with a mass of M1 (Figure 

5.2(b)). We then soaked the hydrogel matrix in a CaCl2 solution, froze the salt-solution 

swollen samples with liquid nitrogen, and freeze dried it again to remove excess water with 

a mass of M2. Thus, TRHC desiccants were obtained, as shown in Figure 5.2(d), with a salt 

loading mass (M2-M1) and hydrogel polymer matrix mass of M1.  

 

 
 

Figure 5.2. (a-d) Porous TRHC desiccant synthesized using salt solution soaking and 
freeze drying method. (e) SEM of porous Al-alginate/PNIPAAm hydrogel matrix top 
surface with hundreds of µm pore size after freeze drying. (f) Hygroscopic shell surface 
with hundreds of nm to a few µm pore size. 
 
 

5.3 Material characterization 

5.3.1 Surface morphology 

For surface and cross-sectional morphology analysis, SEM was used. The samples 

were packed in ice in a freezer (10 hours) or liquid nitrogen (30 minutes) before freeze 

drying. Ten measurements from the SEM images of at least 3 different positions were used 

to provide the average pore size. Electron Diffraction Spectroscopy (EDS) was additionally 
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employed to investigate the constituent of a TRHC desiccant based on three measurements 

at three different positions.  

 

5.3.2 Hydrogel swelling/deswelling kinetic study 

For the immersion swelling kinetic study, two identical freeze dried gels (13 × 13 

× 2 mm) were immersed in a 500-ml DI water bath at room temperature (RT). The gels 

were retrieved from the water and weighed at certain intervals until an equilibrium weight 

was achieved. The swelling ratio (Rs) was defined as Rs = (Wt-Wd)/Wd,218 where Wt is the 

gel weight at time t, and Wd is the dehydrated weight of the gel. For immersion de-swelling 

kinetics, fully swollen samples (13 × 13 × 2 mm) at RT were transferred to a 500 ml and 

50°C water bath, retrieved from the water, and weighed at certain time intervals. The de-

swelling ratio (Rds) of the gel was calculated using the equation, ( ) / ( )ds s t s dR W W W W= − −

,219 where Ws is the fully swollen gel weight at RT. The dehydrated weight (Wd) of the gels 

for swelling ratio test was measured after freeze drying for 24 hours and that for the de-

swelling ratio test was measured after 24-hr drying in a 90°C oven.  

 

5.3.3 Toughness of thermo-responsive hydrogels 

For tensile tests, a universal testing instrument (Instron 5965) was used with a strain 

rate of 0.02 s-1. Dog-bone shaped specimens were cut according to the ASTM D-412 

standard with the size of tensile part of 20 × 10 × 2 mm (Figure 5.1(c)). Nominal tensile 

stress was defined as the ratio between the applied force and the initial cross-sectional area 

of the specimen, and stretch was defined as the ratio of the current and initial lengths of the 

specimen from at least 3 replicate tests. 
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5.3.4 Water vapor adsorption equilibrium and dynamics study 

The water vapor equilibrium and dynamics of the desiccants during the adsorption 

and desorption processes were performed by uptake measurement under isothermal 

conditions.208 A system to measure the instantaneous weight increase or loss of samples in 

a humid environment was built using a climate chamber to provide air with controlled 

humidity and temperature (ZH-8-1-1-H/AC, Cincinnati Sub-Zero, US, measurement range 

of 20%－99% RH and -73－177°C), shown in Figure 5.3. A sample holder (swing), which 

is made of Teflon to avoid condensation, was suspended on an analytical balance (SI-114, 

Denver Instrument, US, measuring range of 0－110 g and accuracy of ± 0.1 mg). The 

sample’s dynamic mass change (∆m) was recorded via a RS232 connection to a computer 

at an interval of 30 s using a data logging software. A humidity and temperature sensor 

(SHTC1, Sensirion, Switzerland, measurement range of 0－100% RH and -30－100°C, 

accuracy of ± 3% RH and ± 0.3°C) was located near the swing to simultaneously monitor 

the temperature and humidity. The gravimetric measurement was first calibrated with a 

standard weight (1 g), revealing a resolution of ± 5 mg as shown in Figure 5.4(a), by 

subtracting the total mass (swing plus standard weight) from the swing mass only. Before 

the tests, the incubator was conditioned at the targeted temperature and humidity, and its 

stability in the specified humidity and temperature during adsorption (RT and 97% RH) 

and desorption (50°C and 30% RH) are shown in Figure 5.4(b) and (c). 
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Figure 5.3. Diagram of the custom-built chamber used to test adsorption and regeneration 
behavior of TRHC desiccant. 1. ¼” acrylic sheet 2. Fiberglass insulation 3. Air return 
channel to environmental chamber 4. Air outlet from environmental chamber 5. Fan 6. 
Relative humidity sensor, output to environmental chamber 7. Teflon mesh sample holder, 
supported by stainless steel wire to plastic bar placed on digital balance 8. RS232 connector 
9. Digital balance, output recorded by PC 10. Temperature sensor, output to environmental 
chamber 11. Temperature and humidity sensor, output to PC. 
 

 

For the adsorption/desorption test, TRHC desiccant was placed on the sample 

holder after stabilization of the conditions in the test chamber for 2 hours. Vapor 

adsorption/desorption quantity was calculated as change in mass ( t drym m m∆ = −   or 

w tm m m∆ = − ) over the dehydrated or wetted mass (mdry or mw) of desiccant, where  mdry  

is the pre-freezing dried desiccant mass for 24 hours to remove moisture residue, mw is the 

wetted mass after equilibrium moisture content uptake (EMC), and mt is the desiccant mass 

at time t. For the EMC uptake experiment, mass gain (∆º) of the desiccant was monitored 

and recorded continually at each RH level until it reached steady state (∆º < ± 5%) at 

room temperature, then transferred to the next RH condition. 
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Figure 5.4. Moisture uptake measurement calibration. (a) Mass calibration of a 
standardized one gram weight with ± 5 mg resolution over 12 hours by subtracting the 
swing weight from the total weight. (b, c) Temperature and humidity calibration for 
adsorption (12 hours) and desorption (3 hours) testing conditions with ± 0.3°C and ± 3% 
RH uncertainty. 
 
 

5.4 Adsorption/Desorption Mechanism 

We synthesized the TRHC desiccants via sol-gel method as described in the 

experimental section. The schematic of the TRHC desiccant is shown in Figure 5.5, with a 

hygroscopic agent coated outside the porous polymer matrix. The adsorption/desorption 

mechanism is explained in Figure 5.5. The process of moisture transport and adsorption 

takes place in the following sequence220: (i) external diffusion of vapor from the phase 

boundary into the pore space; (ii) internal diffusion of vapor through the pore space; (iii) 

solid sorption resulting in the formation of salt crystalline hydrates; and (iv) finally, liquid 

absorption resulting in the salt solution, which then diffuses into the porous hydrogel matrix 

and results in swelling matrix as shown in Figure 5.5(a). The absorption process continues 

until the TRHC desiccant reaches its equilibrium moisture content, indicating equilibrium 

vapor pressure between TRHC desiccant and the surrounding air. The LCST behavior of 

NIPAAm in the hydrogel enables it to be regenerated at a relatively low temperature for 

water removal. During desorption at 50°C, which is higher than the LCST of NIPAAm 
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(~32°C), the hydrogel matrix shrinks and squeezes the water to the matrix surface of the 

TRHC desiccant (Figure 5.5(b)). The desorption process continues by evaporating the 

released water until almost all the adsorbed moisture is removed.  

 

 
 

Figure 5.5. Schematic of superabsorbent solid thermo-responsive hydrogel composite 
(TRHC) desiccant created by impregnating hygroscopic agents into porous thermo-
responsive polymer matrix. (a) Adsorption of TRHC desiccant: vapor is absorbed by 
hygroscopic salt on the surface, transported and stored into interior porous polymer matrix. 
(b) Desorption of TRHC desiccant: LCST behavior promoted water transport from inner 
polymer matrix shrinkage (thicker to thinner polymer thickness) to matrix surface, and 
water then evaporates out on the surface. 
 

 

We used a composite structure with CaCl2 salt impregnated inside the thermo-

responsive Poly(N-Isopropylacrylamide) (PNIPAAm) hydrogel as other composite 

desiccants with SIM structures.221 The PNIAAm hydrogel was synthesized via free-radical 

polymerization following a two-step method, as described in the experimental section. As 

shown in Figure 5.1(a), the NIPAAm monomers were first polymerized and cross-linked 

through chemical bonding by N, N’-Methylenebis(acrylamide) (MBAA), resulting in a Na-

alginate/PNIPAAm hydrogel. Na+ cations were later replaced by Al3+ ions in the second 

step through diffusion when immersing Na-alginate/PNIPAAm hydrogel into an AlCl3 

aqueous solution, resulting in a physically cross-linked alginate polymer through the 

electrostatic interaction between the Al3+ cations. The obtained transparent double network 
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hydrogel (Figure 5.1(b) and Figure 5.6(a)), is hydrophilic and superabsorbent when the 

temperature below its LCST. Al-alginate/PNIPAAm hydrogel is capable of storing nearly 

30 times of its own weight in water at room temperature (below LCST) (Figure 5.6(c)). 

The absorption capability is mainly due to the hydrophilic amide group (－CONH－) in 

NIPAAm forming hydrogen bond with water molecules and the osmotic pressure from Al-

alginate, as described by the Flory theory.211 During the swelling process, the water 

penetrates into polymer networks and produces a 3D-molecular network by expanding the 

molecular chain between the cross-linked points, thus decreasing the configuration 

enthalpy value. Meanwhile, the molecular network has an elastic contractive force that 

contracts the networks. The hydrogel reaches the maximum swelling ratio when these 

opposing expansion and contraction forces reach equilibrium (Figure 5.6(c)). This 

superabsorbent property makes hydrogels highly suitable for adsorbate storage during 

adsorption, similar to other superabsorbent polymers used in SHC desiccants.212-213 
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Figure 5.6. Swelling and de-swelling of Al-alginate/PNIPAAm hydrogel. (a) As 
synthesized transparent double network Al-alginate/PNIPAAm hydrogel. (b) LCST of Al-
alginate/PNIPAAm hydrogel. (c, d) DI-water immersion swelling ratio and de-swelling 
ratio of Al-alginate/PNIPAAm hydrogel of two repilca samples with 13 × 13 × 2 mm size. 
 

When exposed to the temperature higher than LCST, the hydrogel undergoes the 

phase transition from the transparent to the opaque state due to the change of hydrophilicity 

to hydrophobicity, resulting in a release of ~90% of the swollen water in the gel within 5 

minutes by gel shrinkage (Figure 5.1(b) and Figure 5.6(d)). The LCST of the Al-

alginate/PNIPAAm hydrogel is ~32°C with a decreased swelling ratio observation of the 

gel when exposed to the water in the temperature range of 28－39°C, shown in Figure 

5.6(b). To effectively serve as water withholding medium, as shown in Figure 5.1(c), the 
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hydrogel could be stretched up to 7 times under 120 kPa tensile stress without failure, tough 

enough to prevent the collapse of porous structure from expansion/shrinkage in 

adsorption/desorption processes. This extraordinary toughness of the gel originates from 

coexisting of both chemical (MBAA) and physical cross-links (electrostatic interaction 

between Al3+ and carboxylic groups (COO−) in alginate polymer chains),170, 217 which 

enhances the toughness of the matrix compared to silica gels and superabsorbent polymers. 

 

5.5 Pore size and salt loading quantity effect  

Following the two-step freeze drying process, porous TRHC desiccant was created 

by soaking the porous dehydrated PNIPAAm gel in a CaCl2 solution (Figure 5.2(a-d)). The 

porous polymer matrix made from the freeze drying by ice sublimation of the fully swollen 

PNIPAAm gel (Figure 5.2(a)) is shown in Figure 5.2(b). We utilized different freezing 

temperatures to control the pore size of the porous matrix by controlling the morphology 

of the ice crystals.222-223 CaCl2 salts were embedded inside the porous matrix through 

diffusion by soaking the polymer in the salt solution in Figure 5.2(c). Further water removal 

through freeze drying resulted in TRHC desiccant with a hundreds of nm to a few µm thick 

porous salt layer, as shown in the SEM image (Figure 5.2(f)) onto porous PNIPAAm matrix 

with hundreds of  µm pore size (Figure 5.2(e)). The average pore size is also calculated 

based on BET surface area, which shows an averaged ~120 µm pore size for porous 

PNIPAAm matrix and ~2 µm pore size for TRHC desiccant in Table 5.1. The presence of 

uniform CaCl2 coating on the top surface of the TRHC desiccant was confirmed through 

EDS by Ca element and the large Cl element peak in Figure 5.7(b). Meanwhile, no Ca 

element was detected through EDS in the freeze dried as-synthesized polymer matrix 
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(before salt soaking) in Figure 5.7(a). While other elements, such as C and O, are from the 

polymer monomers, Al and a small amount of Cl are from physical cross-linkers, and Ir is 

from the coating layer during sample preparation for SEM and EDS.  

 

Table 5.1. Average pore size of dehydrated gel and TRHC desiccant. 
 

Sample Density (mg/cm3) BET surface area (m2/g) davg  (µµµµm) 

Dehydrated Gel 3.3 7.6 ~120 

TRHC Desiccant 74 10.9 ~2 
 

 

 
 
Figure 5.7. (a) EDS of Al-alginate/PNIPAAm hydrogel matrix. Elements of C, O, Al, and 
partial Cl are from polymer matrix, Ir is from sample preparation for SEM. (b) EDS of 
TRHC desiccant top surface shows hygroscopic inclusions (CaCl2) embedded inside 
polymer matrix with elements of Ca and a huge peak of Cl detected. 
 
 

In order to identify which TRHC desiccant synthesis method resulted in the best-

performing material, different drying methods and freezing temperatures were 

systematically studied to maximize the adsorption kinetics and capacities. As shown in 

Figure 5.8(a), the TRHC desiccant created by freeze drying has a 50% higher 24-hr 
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adsorption capacity compared to those created by oven drying at 90% RH and RT. This 

increase in vapor transport kinetics is due to the porous structure retained after freeze 

drying of liquid nitrogen (LN2) frozen gel matrix. The higher adsorption capacity benefits 

from more salts diffusion into the porous TRHC desiccant within the same salt solution 

soaking period. Further optimization of pore sizes for faster vapor transport was also 

investigated. It was found that the uniform pore size of as-prepared gel is 20 µm when 

frozen by ice224 (Figure 5.8(c)). As-prepared gels that were frozen by liquid nitrogen (LN2) 

in the first freezing step exhibited a closed-pore structure (Figure 5.8(e)). Larger pore size 

was achieved by freeze drying fully swollen gel following either by freezing in ice (200 

µm pore size in Figure 5.8(d) or freezing in liquid nitrogen (20 µm pore size in Figure 

5.8(f)). Different combinations of the two different freezing steps were studied to achieve 

fast vapor transport and high salt holding capacity as shown in Figure 5.8(b). Samples 

fabricated with a combination of two-step freezing in ice followed by liquid nitrogen (Ice-

LN2) provide the highest 12-hr adsorption capacity, due to a higher amount of inorganic 

salts captured inside the porous structure by opening large pores first with ice freezing and 

then closing the pores with liquid nitrogen freezing. The Ice-Ice samples showed similar 

adsorption characteristics to the Ice-LN2 samples, with a slightly faster absorption rate in 

the first 4 hour and slightly lower equilibrium absorption capacity, presumably due to the 

larger pore sizes created by the second ice freezing step. 
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Figure 5.8. (a) Comparison of water adsorption quantity of TRHC desiccant prepared by 
oven drying and freeze drying. (b) Comparison of water adsorption quantity of TRHC 
desiccant with different combination of frozen methods (ice and liquid nitrogen). (c, d) Ice-
frozen gel freeze-dried as synthesized (pore size ~tens of µm) and after swelling in DI 
water (pore size ~hundreds of µm), respectively. (e, f) LN2-frozen gel freeze-dried as 
synthesized (no pores) and after swelling in DI water (pore size ~tens of µm), respectively. 
 

 

5.6 High adsorption capacity  

We then systematically test the adsorption behavior on Ice-LN2 samples. We first 

carried out the isothermal adsorption test by measuring the samples in varying RH values 

of 30 to 97% at RT, following the protocol described in the section 5.3.4 using a home-

built setup (shown in Figure 5.3 and calibrated in Figure 5.4). As shown in Figure 5.9(a), 

as expected, the adsorption rate and capacity increase with RH due to the larger vapor 

pressure gradient for mass transfer. For instance, the desiccant reached an adsorption 

capacity of 3.8 ± 0.2 g/g within 10 hours at 97% RH and yielded ~0.45 g/g adsorption 

capacity within ~1 hour at 30% RH. The adsorption capacity of the TRHC desiccant is 
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characterized by its equilibrium moisture uptake (EMC), which is the saturated moisture 

adsorption under the isothermal condition (RT) with various RH levels (Figure 5.9(a)). 

EMC of the TRHC desiccant extracted from Figure 5.9(a) is displaced in Figure 5.9(b), 

and is compared to other solid desiccants ranging from 30% to 90% RH at RT. The 

adsorption capacity of TRHC desiccant is ~5× higher than that of silica gel at low RH (< 

70%). Even compared to other composite desiccant (CaCl2 impregnated silica gel),225 

TRHC desiccant reveals ~30% to 70% improvement in adsorption capacity below 70% 

RH.221, 226 The adsorption capacity of TRHC shows 10× higher than silica gel and 100% 

improvement compared to composite desiccant at 90% RH. This intensive enhancement in 

adsorption might originate from the better water withholding capability of superabsorbent 

PNIPAAm gel. As shown in Figure 5.10, TRHC desiccant has outstanding superabsorbent 

capacity (3.9 ± 0.2 g/g at RT) at 97% RH. Interestingly, the isotherm EMC of the TRHC 

desiccant is similar to that of the CaCl2 liquid desiccant because the vast majority of 

moisture uptake was contributed by the salt as confirmed by the low EMC (~0.3 g/g) in a 

reference dehydrated hydrogel matrix without salt loading (star symbol in Figure 5.10). 

Unlike the adsorption kinetics, the EMC is contributed by all the salts impregnated in the 

matrix, regardless of their locations (surface v.s. volume), because the salts will eventually 

make contacts with water given sufficiently long time and contribute to the adsorption 

capacity. This result suggests that we can fabricate a solid desiccant with same performance 

similar to that of liquid desiccant. This is enabled by the unique water storage mechanism 

offered by the hydrogel matrix, which behaves as liquid water but still preserves its solid 

state. 
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Figure 5.9. (a) Water adsorption quantity of TRHC desiccant at different relative humidity 
(RH). (b)Water sorption capacity of TRHC desiccant (at RT) and its comparison with silica 
gel225 and composite desiccant221, 226.  

 
 

 
 

Figure 5.10. Isotherm of TRHC desiccant (at RT) and its comparison with a liquid 
desiccant (100 wt% CaCl2 ×  40%, black line). Blue star represents the dehydrated 
PNIAAm hydrogel matrix (without salt loading). 
 

 

5.7 Adsorption Kinetics 
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Fick’s law is examined to establish the mathematical model to describe the 

diffusion process in which the flux moves from the high concentration to low 

concentration. One dimensional Fick’s 2nd law is represented by Equation 5.1.  

@)@& = Â @^)@C^ (5.1) 

Where, C is the concentration of moisture, t is time, D is the diffusivity, and x is the 

direction of moisture transfer. The TRHC desiccant is approximated as a plane sheet with 

a thickness δ since the thickness is much smaller than the sample size. Assuming a constant 

concentration on the surface of the TRHC desiccant throughout the adsorption, the initial 

and boundary conditions are: 

i) M = Mu at x = 0, t > 0 

ii) M = 0 at t = 0, 

iii) 
@)@C = 0 at x = δ 

The solution is expressed as infinite series in Equation 5.2. 

∆Æ�&�∆ÆÇ = 1 − ∑ ´��É§q�^l^ �ÊË Ì−Â �� + q��� l^
�^ #ÍtÉÎu  (5.2) 

Where M(t) is the sample mass at time t, and �t is the sample mass at infinite time. 

Thus, the diffusivity of TRHC desiccant during adsorption process can be modeled with 

the experimental results accordingly.  

As shown in Figure 5.11, the absolute mass increase during adsorption for a TRHC 

desiccant with δ = 2 mm is plotted vs. time at RT and 80% RH. The mass increas is 

calculated with Equation 5.2 with n = 5 as shown in Figure 5.11. The yield effective 

diffusivity is 0.95 × 10-11 m2/s as shown in Figure 5.12, which is higher than 6 × 10-11 m2/s 

of the polymeric desiccant in Ref. [228] at 30°C and 80% RH and 3.41×10-11 m2/s of silica 
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gel with particle size of 2 mm at 22°C and 76%RH in Ref. [203]. We attribute this slightly 

faster adsorption rate in our TRHC desiccant to its porous structure of sub-micron porous 

salt layer in Figure 5.2(f) and microporous PNIPAAm matrix in Figure 5.2(e), as well as 

better water affinity contributed by hygroscopic salt and hydrophilic polymer matrix. 

 

 
 

Figure 5.11. Mass increasement of TRHC desiccant (experimental vs. Fick’s 2nd law) at 
RT and 80%RH. 

 

 

As is well known, water vapor can diffuse through a porous medium by either 

ordinary diffusion or Knudsen diffusion, or sometimes, combinations of them.227 The mean 

free path of water molecules is on the order of tens to hundreds of nanometers, which is 

much smaller than the mean pore diameter of TRHC desiccants (a few to hundreds of 

microns), and thus, ordinary diffusion is dominant in the TRHC desiccants. However, mean 

free path of water molecules is much greater than the mean pore diameter of silica gel (0.7

－3nm as shown earlier),202 it means that collisions between a water molecule and the pore 
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wall are much more frequent than the collisions between the molecules (ordinary diffusion), 

and thus, Knudsen diffusion is the dominant diffusion at atmospheric pressure.  

 

 
 

Figure 5.12. Comparison of diffusivity of TRHC desiccant, silica gel and polymeric 
desiccant. 
 

 

5.8 Fast desorption at low regeneration temperature 

Contrary to all the traditional solid desiccants that show a tradeoff between 

absorption and desorption, the superabsorbent TRHC desiccant offers a unique opportunity 

to facile moisture desorption through its hydrophilic-hydrophobic LCST phase transition. 

We tested the moisture desorption behavior at 50°C (above the LCST of ~32°C) and at RT 

(below the LCST), compared to a non-temperature responsive desiccant, for understanding 

the LCST contribution during desorption. After the room-temperature EMC uptake test at 

the highest humidity (97% RH, Figure 5.9(a)), the swollen TRHC samples were transferred 

to a 50°C environmental chamber with a controlled humidity (30% RH). The moisture 

desorption ratio results are shown in Figure 5.13. The non-temperature responsive were 



 

94 

 

synthesized following the same process shown in Figure 5.2 by replacing the thermo-

responsive polymer matrix with non-temperature responsive ones (synthesized in Chapter 

4). Below the LCST, the water desorption ratio at each time interval is similar to both 

TRHC desiccant and non-temperature responsive one. Above LCST, the water desorption 

ratio is similar within the first 20 minutes. However, the water desorption ratio of TRHC 

desiccant is higher compared to that of non-temperature responsive ones, which results in 

a 20% more water desorbed in TRHC desiccant compared to non-temperature responsive 

one in a 50-min desorption process. The water evaporation rates below/above LCST are 

calculated and shown in Figure 5.14 for both thermo-responsive and non-temperature 

responsive desiccant. When the temperature is below LCST, the evaporation rate of water 

is similar for both thermo-responsive and non-temperature responsive desiccant during the 

stage I because of the evaporation of water on the surface of porous matrix as shown in 

Figure 5.15. The rate is also similar to water evaporation rate both measured in Figure 

5.15(a) and calculated (7.6 ×  10-6 kg/s∙ m2) at the same temperature and humidity. The 

calculated evaporation rate is based on the empirical evaporation of water from a water 

surface, like swimming pool. The amount of evaporated water can be expressed as  

gh = Ð��¦j���Ñuu  (5.3) 

 where gs = amount of evaporated water per second per area (kg/s∙m2), Θ = 25 + 19v 

= evaporation coefficient (kg/m2∙h), v = velocity of air above the water surface (m/s), xs = 

maximum humidity ratio of saturated air at the same temperature as the water surface 

(kg/kg) (kg H2O in kg dry air), x = humidity ratio air (kg/kg) (kg H2O in kg dry Air).  

Then the evaporation rate is slower down because of the liquid water transportation 

from stored inside the matrix to the porous matrix surface in Figure 5.15. 
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Figure 5.13. Water desorption ratio in TRHC desiccant and non-temperature responsive 
desiccant at 30% RH. (a) Below LCST; (b) Above LCST. 
 
 

When the temperature is above LCST, the water evaporates at the similar rate in 

stage I for both desiccants with ~20% water removal. The calculated water evaporation 

rate based on empirical equation is 23.2 × 10-6 kg/s∙m2. The water evaporation rate in stage 

II keeps the same as in stage I for TRHC desiccant while the water evaporation rate 

continuously drops in stage II compared to that in stage I for non-temperature responsive 

desiccant. This faster evaporation rate of TRHC desiccant compared to that of non-

temperature responsive ones during stage II results in ~20% more water removal as shown 

in Figure 5.13(b), contributing from the LCST behavior of thermo-responsive PNIPAAm 

matrix in Figure 5.15(b). The evaporation rate of the TRHC desiccant starts to drop after 

stage II also because the liquid water transportation as discussed in Figure 5.13(a). 
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Figure 5.14. Evaporation rate of water in TRHC desiccant and non-temperature responsive 
desiccant at 30% RH. (a) Below LCST. (b) Above LCST. 
 

 

This faster evaporation of water above LCST from TRHC desiccant, compared to 

non-temperature responsive one in stage II, originates from the hydrophobicity of thermo-

responsive PNIPAAm matrix after the LCST phase transition. PNIPAAm hydrogel has two 

parts: hydrophilic amide group (－CONH－) and hydrophobic part (－R－). As the 

temperature reaches the LCST of NIPAAm during the desorption, the interaction among 

the hydrophobic part will be stronger, while the hydrogen bonds between the hydrophilic 

part and moisture become weaker, thus shrinking the polymer due to inter-polymer chain 

association. The absorbed water was then squeezed out to the porous matrix surface during 

the desorption process, which can be easily evaporated at a relatively low regeneration 

temperature (Figure 5.13(b) and Figure 5.14(b)).  
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Figure 5.15. Evaporation rate of water in TRHC desiccant and non-temperature responsive 
desiccant at 30% RH and 50°C. 
 
 

A comparison of water adsorption quantity and regeneration temperature of the 

state-of-the-art solid desiccants is summarized in Figure 5.16. It can be seen that composite 

desiccants have improved water sorption capacity with the support of SIM structure, i.e., 

silica gel based composite desiccant with adsorption capacity of 0.76 g/g. In addition, 

metal-organic framework were proven to have high sorption capability (~1.7 g/g).229 

However, the existing state-of-art desiccants have a higher regeneration temperature 

(>80°C, higher than over 50% of industrial waste heat), to match their high adsorption 

capacities because of the fixed affinity to water. TRHC desiccant synthesized here 

possesses both high absorption capacity and low regeneration temperature for the first time. 

This new class of material has the potential to greatly improve the performance of the 

dehumidification system, enabling clean and economical air conditioning which can result 

in significant savings in electric power consumption by utilizing waste heat and solar 
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energy, and avoiding pollution by chlorofluorocarbons used in vapor-compression air 

conditioning systems. 

 

 

 
Figure 5.16. Water sorption capability and regeneration temperature of state-of-art solid 
desiccants.51 TRHC desiccant shows both high adsorption capacity and low regeneration 
temperature for the first time as desired for desired desiccants. 
 
 

5.9 Thermodynamic model of desiccant assisted air conditioning with TRHC 

desiccant 

A thermodynamic modeling in Figure 5.17 is built up to study feasibility of using 

TRHC desiccant for high coefficient of performance (COP) of SDC systems.230 The SDC 

system is composed of desiccant wheel, energy conservation wheel (ECW), direct 

evaporative cooling (DEC) and heat source. As the schematic diagram shown in Figure 

5.17(a), the mixture of the outdoor air and return air flows through the dehumidifier, 
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transferring latent heat to sensible heat, and is cooled by an ECW and DEC before 

supplying to the conditioned room in thermal conditions to the human thermal comfort 

(process 0-1-2-3-4 in Figure 5.17(a)). Its psychrometric process is shown in Figure 5.17(b). 

The reactivation air stream is also composed by a mixture of outdoor and return air. After 

passing through DEC and ECW, it is instantly heated by a heat source, e.g., industrial waste 

heat or solar energy, and flows through the dehumidifier for desiccant regeneration by 

removing moisture (reactivation process 5－6－7－8－9). The operational parameters of 

modeling are described in Ref. [230]. By applying TRHC desiccant (regeneration 

temperature ~55°C) to dehumidifier of SDC systems, the COP is 6.03 as shown in Figure 

5.17(c), which is 10 times higher than that of using silica gel (COP is 0.55230 with 

regeneration temperature of 115°C). The COP is also improved for nearly 5 times by TRHC 

desiccant compared to other SIM desiccants and even liquid desiccants.50 This high COP 

by utilization of TRHC desiccant is comparable with that of commercial VC systems 

ranging from 2.8 to 4.8. The bulky SDC system thus can be reduced and feasible for 

application. Meanwhile, with the extremely low regeneration temperature, lots of low 

grade thermal energy can be used as heat source, which saves lots of electric power 

consumption and avoids CFCs pollution.   
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Figure 5.17. (a) Schematic modeling diagram of desiccant cooling system (A: mixer and 
fan of the process air; B: desiccant dehumidifier type rotary wheel; C: energy conservation 
wheel; D: direct evaporative cooler; E: mixer and fan of the reactivation air; F: direct 
evaporative cooler; G: source of reactivation energy). (b) Psychometric chart 
representation for a typical operation. (c) Comparison of COP between solid desiccant 
cooling (silica gel, composite desiccant and TRHC desiccant), liquid desiccant cooling and 
vapor compression cooling. 

 
 

5.10 Conclusions 

In summary, we developed a solid desiccant based on porous thermo-responsive 

PNIPAAm hydrogel matrix that uniquely possesses both high-capacity adsorption and fast 

low-temperature desorption. The solid thermo-responsive hydrogel composite (TRHC) has 

a high adsorption capacity owing to the large surface area offered by the porous hydrogel 

matrix for more hygroscopic salt loading. The adsorption behavior is similar to that of a 

liquid desiccant, but the desiccant still maintains the solid-like form due to the water-

holding capacity of the superabsorbent hydrogel matrix. Meanwhile, low regeneration 
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temperature (~50°C) is achieved, thanks to the unique phase transition from hydrophilicity 

to hydrophobocity of the thermo-responsive PNIPAAm matrix undergoing its lower critical 

solution temperature (LCST ~32°C). This novel desiccant can find potential applications 

in a variety of fields, such as oilfields,231 HVAC industries,232 and water harvesting.233  

Chapter 5, in part, is in a manuscript in preparation, 2018. Shuang Cui, Jian Zeng, 

Patrick Charles, Evan Muller, and Renkun Chen. The dissertation author was the first 

author of this paper.  
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Chapter 6 Conclusions and Future work 

6.1 Conclusions 

The development of new source of sustainable and clean energy, as well as novel 

technologies with less energy consumption are both required facing the energy crisis. This 

dissertation presented the thermal transport and transformation in tungsten (W), a plasma 

facing material in nuclear fusion reactor as well as superabsorbent polymeric material for 

energy-efficient building cooling.  

To study the near-surface regime of W under fusion relevant conditions, an 

improved 3ω technique with higher measurement sensitivity was developed to study the 

thermal conductivity of W with the extremely thin (~ a few tens of nm thick) thickness by 

He-plasma irradiation, less damage level (10-3 or 10-2 dpa) by Cu ion irradiation and high 

temperature Cu/W ion irradiation. 

We investigated the dosage and irradiation temperature dependence on thermal 

conductivity (κ) of W under fusion-relevant radiation conditions by using an improved 3ω 

technique. Our results show a significant reduction in κ for W irradiated at room 

temperature with energetic (MeV) heavy ions. The damage, quantified by displacement per 

atom (dpa), spanned from 10-3 to 0.6 dpa for Cu ions and 0.2 dpa for W ions. With 

increasing Cu ion damage level, κ decreased and reached a minimum of 52 ± 13.6 W/m·K 

at 0.6 dpa, ~30% of κ for pristine W. When the ion irradiation was performed at 1000 K, 

which is a temperature that is sufficiently high to induce significant dynamic annealing in 

W, κ was largely recovered to around 80% of the pristine value. We attribute this κ recovery 

to the thermal annealing and annihilation of the irradiation induced defects, i.e., through 
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vacancy/self-interstitial atom (SIA) recombination. This finding is consistent with our prior 

observation of defect recovery probed by deuterium retention. 

The thermal conductivity of W surface layers damaged by He plasma in PISCES at 

UCSD were also investigated. We studied the damage effect on both bulk, and thin film, 

W. We observed that the surface morphology of both bulk and thin film was altered after 

exposure to He plasma with the fluence of 1 × 1026 m-2 (bulk) and 2 × 1024 m-2 (thin film). 

Transmission electron microscopy (TEM) analysis reveals that the depth of the irradiation 

damaged layer was approximately 20 nm on the bulk W exposed to He plasma at 773 K 

for 2000 s. For the damaged W thin film sample, we measured the reduction in electrical 

conductivity and used the Wiedemann-Franz (W-F) law to extract the thermal conductivity. 

Results from both measurements show that thermal conductivity in the damaged layers was 

reduced by at least ~80% compared to that of undamaged W. This large reduction in 

thermal conductivity can be attributed to the scattering of electrons, the dominant heat 

carriers in W, caused by defects introduced by He-plasma irradiation. 

The near-surface region of plasma facing material (PFM) plays an important role 

in thermal management of fusion reactors. Therefore, studying the effects of radiation 

damage on tungsten (W), a primary candidate material for plasma facing components 

(PFCs), is of great significance in the thermal management of future fusion reactors. Our 

investigation of W under ion irradiation and He-plasma irradiation offers insights in 

selecting operational conditions in future fusion reactor designs.  

Meanwhile, we report, for the first time, the application of highly stretchable and 

tough double network hydrogels (DN-Gels) as durable and reusable ‘sweating skins’ for 

cooling buildings. These DN-Gels demonstrate outstanding cooling performance, reducing 
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the top roof surface temperature of wooden house models by 25－30°C for up to 7 hours 

after only a single water hydration charge. More importantly, compared with single 

network hydrogels (SN-Gels) previously studied for cooling applications, these DN-Gels 

exhibit extraordinary toughness and cyclability due to their interpenetrated ionically and 

covalently cross-linked networks, as demonstrated by constant cooling performance over 

more than 50 cycles. This excellent cyclability is further demonstrated by the unaltered 

mechanical properties and charging capability of the hydrogels after many cycles, 

compared to fresh ones. By coating a 100 m2 roof of a single house with tough DN-Gels, 

it is estimated that the annual electricity consumption needed for air conditioning can be 

reduced by ~290 kWh with associated CO2 emission reductions of 160 kg. Our results 

suggest that bio-inspired sweat cooling, specifically using tough DN-Gel coatings, 

represents a promising energy-efficient technology for cooling buildings as well as other 

devices and systems.  

A thermo-responsive hydrogel composite (TRHC) desiccant with drastically 

different affinities to water upon phase transition is also developed, unlike typical solid 

desiccant with a tradeoff between its adsorption and desorption kinetics due to its fixed 

affinity to adsorbates, achieving high adsorption capacity and fast desorption at low 

regeneration temperature. The solid TRHC desiccant is synthesized by impregnating 

hygroscopic salt (CaCl2) into porous Poly(N-isopropylacrylamide) (PNIPAAm) hydrogel 

matrix serving as water withholding medium. It shows high adsorption capacity of ~3.8 

g/g (room temperature and 97% relative humidity (RH)), originating from the 

hydrophilicity and the high porosity of the PNIPAAm matrix to hold more salts as 

hygroscopic agents. Moreover, TRHC desiccant exhibits fast desorption kinetics with 
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~60% of water removal within 50 minutes (50°C and 30% RH). This fast desorption 

benefits from the thermo-responsiveness of the PNIPAAm matrix which becomes 

hydrophobic above its lower critical solution temperature (LCST, ~32°C) and results in 

polymer shrinkage for facile water release for evaporation. The unique high adsorption 

capacity and superfast desorption at a low regeneration temperature makes the TRHC 

desiccant attractive for a variety of applications, such as desiccant cooling and adsorption 

heat pump. 

 

6.2 Future work 

For studying thermal conductivity reduction and recovery in heavy ion irradiated 

W, it would be interesting to study the thermal conductivity of a series of ion irradiated W 

under different temperature implantation because the different types of defects format and 

change at different temperature. The recovery behavior of displacement damage, such as 

dislocation loops, and other defect structures (self-interstitial atoms (SIAs), vacancy 

clusters and voids), were well discussed in Ref. [66] with transmission electron microscopy 

(TEM) analysis under different post and in-situ annealing temperature. The dynamic 

annealing experiment at 1000 K here belongs to stage IV (773－1173K) recovery as five 

stages of annealing common to BCC metals identified by Tompson,234 generally attributing 

to vacancy-self interstitial complexes.235 

The obvious increase in average loop size with increasing temperature particularly 

happens between 1073 K and 1223 K.66 Besides, the vacancies produced by ion irradiation 

was presumed to be in the form of vacancy clusters which could not be reliably sized using 

TEM (< 1 nm diameter).236 Although the void became visible at 1073 K, no obvious change 
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in size appears until 1373 K. Considering the dynamic annealing temperature (1000 K) and 

short annealing time (< 50 min), less contribution from larger defect size is expected and 

more annihilation of defects is expected as discussed in Ref. [85] with a decreased 

deuterium retention by both thermal desorption spectroscopy (TDS) and nuclear reaction 

analysis (NRA). But it would be of significance to study the effect of  higher ion 

implantation temperature (> 1000 K) on the thermal conductivity of the damaged W 

because the W armors are supposed to experience the temperature of 373 K to 1273 K in 

ITER.85 

The recyclability of TRHC desiccant is one of the main concern in the application 

of desiccant assisted air conditioning because the possible leakage of excess liquid 

desiccant. One approach to solve this issue is to substitute the inorganic hygroscopic liquid 

desiccant with organic hygroscopic salt, for example, sodium polyacrylate. Large 

concentration of organic salt is needed for high adsorption capacity of TRHC desiccant. 

However, it might also change the LCST of thermo-responsive hydrogel outside of the 

favorable window of 30－40℃ because increasing the mixing enthalpy. The LCST usually 

is increased because the additive hygroscopic polymer is usually hydrophilic. Increasing 

the number of hydrophilic side chain increases the change of mixing enthalpy (∆Hmix), due 

to larger number of hydrogen-bonding, and thus increases LCST. In order to bring the 

LCST back to this window, the intrinsic LCST of the TRHC desiccant with organic salt 

should be modified. One method is to increase the number of hydrophobic side chain to 

increase the change of mixing entropy (∆Smix), and thus decreases LCST. Besides the 

application of desiccant assisted cooling, TRHC desiccant with better cyclability would 

also be a good candidate for water harvesting from moist air due to its strong affinity to 
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water and low thermal energy requirement for direct water release without condensation, 

benefiting from LCST behavior, which is of great importance for alleviating water scarcity 

problem. 
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