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Abstract 

Recently, it has been shown that superhydrophilic coatings of “grass-like” cupric 

oxide (CuO) nanostructures can significantly improve the thermal performance of heat 

transfer devices known as oscillating heat pipes (OHPs). The origin of this enhanced 

performance is currently unknown, but it is believed to be attributed to the thin film of 

interfacial water supported by the nanostructures that coat the OHP’s interior surface. The 

aim of this work is to investigate the microscopic origin of enhanced heat transfer at the 

CuO surface by studying the structure, morphology, freezing/melting behavior, and 

dynamics of the water in proximity to the CuO coating over time and length scales that 

span picoseconds-to-seconds and angstroms-to-millimeters, respectively.  

Water contact angle measurements show that the native (bare) copper surface of 

the OHP is weakly hydrophilic, whereas water readily wets to the nanostructured CuO 

coating with a contact angle of ~0°. In situ imaging of water condensation in a scanning 

electron microscope shows that micron-sized droplets form a web-like morphology within 

the CuO nanostructures, filling the funnel-shaped pores from base-to-peak. Further 

evidence of a strong interaction of water with the CuO nanostructures comes from our 

high-energy-resolution elastic neutron scattering measurements, which show a continuous 

freezing transition of the water near the nanostructures over a temperature range of 200-

280 K. The temperature dependence of the elastic intensity points to two types of water 

with different freezing behavior and which are located at different distances from the CuO 

nanostructures. The gradual increase in the elastic intensity on cooling suggests the water 

freezes into an amorphous solid below 260 K. 
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Neutron diffraction scans of D2O-hydrated CuO samples show no Bragg peaks 

indicative of the growth of crystalline ice. At higher hydration levels, we observed 

hexagonal ice form around 260 K. These Bragg peaks were broader than those of water 

near bare Cu surfaces, indicating the growth of crystals of a smaller size (~30 nm) on the 

CuO coating as the temperature is lowered to 230 K. Vibrational spectra of the water in 

the CuO samples at a temperature of 5 K measured by inelastic neutron scattering provide 

supporting evidence that interfacial water solidifies into amorphous ice as evidenced by 

changes in the H-bonding between water molecules. 

From quasielastic neutron scattering, we find evidence of two populations of water 

that diffuse on three different time scales in the temperature range 230-270 K: 1) pop. 1 

strongly interacts with the CuO surfaces and performs slow, bounded translational motion; 

2) pop. 2 is located further from the CuO surface and performs faster translational motion 

at a rate similar to that of bulk supercooled water at ~250 K; and, 3) below 240 K, the 

translational motion in pop. 2 freezes out and reveals a fast, rotational motion in pop. 1 

near the CuO surfaces. The temperature and Q dependence of these motions suggests that 

some of the interfacial water undergoes a liquid-liquid transition between 240 and 230 K. 

Our results demonstrate that water near superhydrophilic CuO nanostructures 

exhibits low-temperature anomalies in its structure and dynamics at the molecular level–a 

direction of research that has both applied and fundamental interest. The significantly 

altered structure and dynamics of the interfacial water could affect the boundary 

conditions for bulk water motion inside of an OHP during its operation. To test this 

hypothesis, we have proposed time-resolved neutron imaging experiments to characterize 

the kinetics of water oscillations in CuO-coated OHPs. 
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Chapter 1  

Introduction to Oscillating Heat Pipes and 

Hydrophilic Materials  

In this chapter, we discuss the motivation for, and development of, heat transfer 

devices known as heat pipes, a key technology used in the electronics-cooling industry. 

In Sec. 1.2, we describe the oscillating heat pipe (OHP) as well as the hydrophilic, 

nanostructured coatings used to enhance OHP performance compared to untreated OHPs. 

In consideration of the numerous reports of enhanced heat transfer by hydrophilic 

coatings, in Sec. 1.3 we review recent literature pertaining to hydrophilic and so-called 

superhydrophilic materials to help explain the microscopic mechanism of enhanced heat 

transfer. We find that research on superhydrophilic surfaces has centered around their 

fabrication, applications, and their macroscopic characterization (e.g., by water contact 

angle measurements). In the experiments presented in this work, our aim is to explore the 

wetting behavior, structure, and dynamics of water near a hydrophilic, nanostructured 

cupric oxide (CuO) surface compared to bulk water at the microscopic level. These 

studies provide a previously underutilized methodology – neutron scattering – for 

investigating superhydrophilicity at the fundamental level, which can be used for rational 

OHP design and fabrication. 
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1.1 Motivation 

Microelectronics and computer technologies have advanced significantly over the 

last 50 years in accordance with Moore’s law – a projection based on historical trends 

that the number of transistors per unit area of an integrated circuit will roughly double 

every two years [1-2]. The increasing miniaturization, complexity, and power 

consumption of each new generation of devices has led to an increase in the heat 

generated in power-dense components (e.g., the CPU), which can negatively affect their 

performance, reliability, and lifetime. For many years, heat sinks composed of thermally 

conductive material like aluminum, stainless steel, or copper have been used to facilitate 

the removal of heat via conduction and radiation to the ambient. However, local heat 

fluxes in the range 102-103 W·cm-2·°C-1, generated by next-generation electronics [3], are 

anticipated to exceed the cooling capacity of traditional heat-removal devices [3-4]. The 

heat dissipation problem was highlighted by G. Eastman in his 1968 article The Heat 

Pipe [5], where he noted that a heat input of 10,000 watts at one end of a solid copper rod 

(1-inch diameter and 1-foot long) would result in a temperature difference between the 

ends of the rod exceeding 30,000 degrees Fahrenheit – about three times hotter than the 

surface of the sun! Therefore, the development of heat transfer devices is a critical area of 

research needed to address growing concerns for the deleterious effects of waste heat. 
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1.2 Development of Oscillating Heat Pipes (OHPs) 

The “heat pipe” emerged in the 1960s at Los Alamos Scientific Laboratory and was 

designed to manage heat generated in spacecraft electronics [5]. It was quickly realized 

that the heat pipe’s ability to transfer large quantities of heat over long distances without 

loss could be extended to other applications like power generation, solar heating, water 

desalination, HVAC systems, food processing, and microelectronics cooling [6-8]. Even 

today, initiatives like nuclear thermal propulsion and power generation identify heat pipes 

as key to future space exploration [9-10]. Heat pipes are passive devices in that no 

external power is required to sustain their operation, aside from the heat energy provided 

by the heat source. Construction of this “conventional” heat pipe (CHP) is illustrated in 

Fig. 1.1, which resembles that of a gravity assisted heat exchanger (thermosyphon) with 

notable differences, namely its orientation and use of a wick structure.  

 

Figure 1.1. Illustration of a conventional heat pipe (CHP) consisting of a hollow 

container whose interior is lined with a wick structure and partially filled with a working 

fluid. Heat (Qin) introduced at one end (evaporator) is absorbed by the working fluid in 

the form of latent and sensible heat. Vapor (�̇�) and heat (�̇�) transport without loss 

through the adiabatic section to the condenser where the heat (Qout) exits to a heat sink. 

The liquid phase returns to the evaporator section via capillary forces of the wicking 

structure. Adapted from Ref. [11]. Not drawn to scale. 



4 

The CHP is highly versatile and can be designed in nearly any geometry as it consists 

of three basic components: a partially evacuated tube, capillary/wick structure, and a 

volatile working fluid [11]. Taking Fig. 1.1 as an example, the CHP is divided into three 

regions: evaporator, adiabatic, and condenser sections. By placing the evaporator section 

in contact with a heat source, heat conducts through the container wall/wick into the 

working fluid. Once the fluid reaches the temperature corresponding to its saturation 

vapor pressure, the evaporating liquid creates a pressure difference between the 

evaporator and condenser sections. This pressure difference drives the transport of vapor 

through the adiabatic section to the condenser section. By connecting the condenser to a 

heat sink at a temperature lower than that corresponding to the saturation vapor pressure 

of the working fluid, vapor condenses back into liquid and thereby releases latent and 

sensible heat externally. Liquid condensate transports back to the evaporator section 

primarily by capillary forces of the wick structure as well as by gravity [12]. Sustained 

vapor transport via evaporation-condensation cycles forms the basis of the heat pipe 

design and its exceptionally high thermal conductivity. 

The materials used to construct the CHP depend on its operating conditions. Choice 

of the working fluid is based on the operational temperature range as well as the fluid’s 

latent heat of vaporization, surface tension, and viscosity. Water, acetone, and ammonia 

are typical for low-temperature (-70 – 270 °C) applications [7]. The container material is 

almost always metallic and designed for high thermal conductivity, machinability, and 

chemical compatibility with the working fluid. A typical commercialized heat pipe is 

constructed from thin copper tubing and charged with water as the working fluid, which 

is used to cool electronic components like those in laptop computers as shown in Fig. 1.2. 
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Figure 1.2. Exploded view of a notebook computer with a copper heat pipe integrated in 

the cooling system (GORETM Thermal Insulation, Dell XPS). Source: Dell.com (2019). 

 In the early 1990s, Akachi patented the oscillating heat pipe (OHP) [13-14], 

which eliminated the need for a wick structure to return liquid to the evaporator section. 

This advance was achieved by reducing the inner diameter of the tube below the capillary 

length of the working fluid (~2.7 mm for water [15]) such that the fluid forms a chain of 

liquid “slugs” and vapor “bubbles” via surface tension (see Fig. 1.3a) [11]. In addition, 

the tube is bent into a series of parallel turns that wind between the evaporator and 

condenser sections. Expansion and contraction of the vapor bubbles due to heat addition 

and rejection, respectively, drives an oscillatory motion of the slugs and bubbles. This 

added convective component increases the transfer of sensible heat compared to the CHP. 

The most common OHP designs are tubular (T-OHP) and flat-plate (FP-OHP) where the 

latter is shown in Fig. 1.3b. Thermal performance is measured by the temperature 

difference (∆𝑇) between the evaporator (𝑇𝑒𝑣𝑎𝑝) and condenser (𝑇𝑐𝑜𝑛𝑑) sections, which 

can be converted to an effective thermal resistance where a lower resistance (lower ∆𝑇) is 

desired for heat-transfer applications. 
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Figure 1.3. (a) Diagram and (b) image of a closed-loop OHP consisting of a narrow 

capillary tube meandering between a heat source (evaporator) and heat sink (condenser). 

The interior is partially filled with a working fluid, which separates into liquid “slugs” 

(blue regions) and vapor “bubbles” (white regions) due to surface tension. (b) An FP-

OHP with the cover plate removed, revealing the inner channels that were machined into 

the copper plate. Image reproduced from Ref. [16]. 

The next evolution of OHP design incorporated nanofluids, which are 

nanoparticles suspended in the working fluid that lead to an increase in heat capacity and 

a decrease in OHP thermal resistance. In many cases, the origin of this enhanced 

performance is related to the deposition of nanoparticles on the OHP’s channel surface 

during the boiling phase, thereby forming a nanostructured coating [6,17-19]. While there 

is clear link between these coatings and improved heat transfer, the definitive 

microscopic mechanisms are still to be determined.  
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In a recent study by Zhang et al. [16], the temperature difference between the 

evaporator and condenser sections, i.e., the thermal performance, of a water-charged 

copper FP-OHP (Fig. 1.3b) was enhanced by selectively treating the evaporator or 

condenser sections with a coating of cupric oxide (CuO) nanostructures. The CuO 

coating, which has been reproduced in the scanning electron microscope (SEM) image in 

Fig. 1.4, was grown by partially immersing the copper OHP into a hot alkaline solution 

[16,20]. The measured water contact angle of ~12° revealed that the resulting CuO 

coating is strongly hydrophilic, which contrasts with the initially untreated copper with a 

contact angle of ~60° [16]. To explain the improved heat transfer performance for 

nanostructures placed in the evaporator section, Zhang et al. proposed that the CuO 

coating enhances thin-film evaporation due to the thin layer of water left behind by a 

moving liquid slug [16].  

 

Figure 1.4. SEM image of CuO nanostructures grown on copper via hot alkaline bath 

[16,20]. Note the triangular “grass-like” morphology. Image reproduced from Ref. [16]. 
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The conclusions of Zhang et al. [16] support those reached by others [6,21-23]. 

For example, the mathematical model developed by Ma et al. [21] identifies thin-film 

evaporation in the evaporator section as key to designing highly efficient OHPs. 

Experiments by Ji et al. [22] showed that a hydrophilic copper T-OHP has a lower 

thermal resistance over a heat input range of 0-200 W compared to a hydrophobic OHP. 

This performance increase was attributed to the presence of a thin liquid film in the 

hydrophilic evaporator section that was absent in the hydrophobic case.  

In addition to thin-film evaporation, nanostructured coatings have also led to 

enhanced heat transfer in the boiling regime. Qu et al. [24] investigated the effects of 

surface roughness on OHP thermal performance by machining helical micro-grooves into 

copper T-OHP channels. The thermal resistance of the micro-grooved OHP was lower 

than the smooth OHP, and the grooves helped to delay the creation of a thermally 

insulating vapor layer during the transition from nucleate to film boiling. The latter also 

marks the maximum exchangeable heat flux, i.e. the “critical heat flux” (CHF), between 

the hot container wall and the working fluid [25]. Xu and Li [26] determined that a CuO-

nanoflower-coated copper OHP increased the CHF compared to an uncoated OHP with 

mm-sized grooves. Moreover, they observed a factor of two difference in the growth rate 

of vapor bubbles facilitated by the dense array of nanostructures. These combined effects 

are particularly useful in applications which rely critically on devices operating below the 

CHF threshold like, for example, the Fukushima Daiichi boiling-water nuclear reactor 

[27]. In fact, heat pipe technology is being considered for passive heat removal in the 

event of power loss during a reactor shutdown (see Fig. 14 and related discussion in Ref. 

[7]). While the primary use of a wick or capillary structure in a CHP is to move liquid 
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from the condenser to the evaporator, its use in OHPs is to promote constant contact 

between the liquid working fluid and the hot container wall [15,25,28].  

In addition to enhanced two-phase heat transfer, interfacial water also provides 

some hydrodynamic benefits to OHP performance. In a series of high-speed photography 

and thermal performance experiments [23,29-30], Hao et al. observed changes in the 

motion of water slugs in copper FP-OHPs with different surface treatments. From high-

speed photography, the amplitude and velocity of liquid slugs in the superhydrophilic 

(CuO) and hydrophilic (CuO removed by acid) OHPs were higher than those of the 

untreated and hydrophobic (n-octadecyl mercaptan-coated) copper OHPs. They 

concluded from these tests that it was a thin film of water that lubricates vapor bubbles as 

they pass over the nanostructures, thereby reducing the overall flow resistance. This in 

turn led to an improvement in sensible heat transfer caused by larger amplitude and 

higher velocity of liquid slugs compared to untreated and hydrophobic OHPs. In a related 

set of experiments, Cubaud et al. [31] studied two-phase flow characteristics of water 

bubbles moving in microchannels with square cross-sections. They also observed that 

hydrophilic surface treatments created a thin film of water, which can support wedge or 

slug flow (see Fig. 4b and 4c in Ref. [31]) based on the stability of the film. 

To summarize, there are several proposed mechanisms that might explain the 

observed enhancement in heat transfer in micro/nanostructured OHPs. One of these 

depends on a high capillary pressure induced by the nanostructures, which pumps liquid 

to recently dried regions such as in boiling heat transfer [6,32]. Accordingly, this effect is 

bounded by the capillary limit. Similarly, superhydrophilic coatings promote water’s 

physical and/or chemical bonding to the OHP surface, which enhances liquid spreading 
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and thin-film evaporation. Superior liquid spreading of liquid on CuO compared to 

uncoated copper leads to an evenly distributed water layer over the OHP surface and 

minimizes the formation of temperature hot spots [6]. From another perspective, the 

presence of a thin liquid film at the container wall lowers the flow resistance of the 

oscillating liquid slugs and therefore leads to an enhancement in sensible heat transfer 

[6,23]. 

1.3 Surface Wetting, Superhydrophilicity, and the 

Unusual Properties of Interfacial and Pore Water 

The previous section highlights the need to understand the extent to which the thin film 

of water within nanostructured coatings affects the transport of heat and mass around it. 

To address this question, we first turn to the study of surface wetting and wettability, 

which dates back to the work by Thomas Young over 200 years ago and his concept of 

the contact angle [33-34]. Over a century later, in the 1930s and 1940s, theoretical 

models were developed, namely by Wenzel [35] and Cassie and Baxter [36], to account 

for the observed effects of surface roughness on wettability. Despite challenges to contact 

angle analyses, especially in the context of superwetting (see, e.g., Refs. [34,37-38]), they 

are still used to this day as convenient models to describe wetting behavior. 

Materials that demonstrate extreme wetting behavior like superhydrophilicity and 

superhydrophobocity are typically characterized by extreme values in their contact angle 

measurements. These wetting behaviors have drawn considerable attention particularly 

because of their wide range of practical applications [34,39-42]. For example, the 
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spontaneous wetting facilitated by superhydrophilic materials lends itself useful in self-

cleaning [40,43], anti-fogging/icing [39,43], biomedical (antibacterial and low-drag) 

[39,41,43], thin-film patterning [44], heat-transfer [12,15-16,20-21], and water/oil 

filtration [39, 45] applications. The ability to form uniformly thick films of water can 

have a dramatic effect on reducing sample preparation time for cryo-electron microscopy. 

Here, sample stability and electron transparency are strongly dependent on the thickness 

of the vitreous ice film [46], and superhydrophilic coatings like CuO offer a possibility to 

control film thickness [47]. 

Materials designed for superwetting are typically modeled from nature, i.e., “bio-

inspired.” For example, the water repellency of the lotus leaf has become iconic for 

demonstrating superhydrophobicity where rainwater readily curls-up into spherical 

droplets that roll off the leaf’s surface, carrying dust or other contamination. Artificial 

coatings that imitate this behavior like car wax have immediate application to glass 

surfaces to reduce water and ice adhesion. At the other end of extreme wetting, some fish 

(e.g., N. septentrionalis) can survive in oil contaminated seas because of their 

superhydrophilic and oil repellent “oeleophobic” scales [48-49]. Fabrication of these bio-

inspired materials has thus become active area in materials research and surface 

engineering where characterization of the water-solid interface is of fundamental 

importance. 

1.3.1 Contact Angle 

Generally speaking, the difference between hydrophilicity and hydrophobicity is 

qualitative in that hydrophilic surfaces are those which have a high affinity for water 

whereas hydrophobic surfaces are water-repelling. The level of affinity towards water is 



12 

based on a competition between adhesive (water-solid) and cohesive (water-water) 

forces, which may include electrostatic, dispersion, induction, repulsion, and hydrogen 

bonding [50,51]. With this understanding, modifications of surface hydrophilicity are 

made by changes to the surface chemistry and roughness. Generally, surfaces that are 

intrinsically hydrophilic or hydrophobic are made more so by increasing surface 

roughness, which might or might not affect the value of the water contact angle (CA) 𝜃, 

as illustrated in Fig. 1.5.  

 

Figure 1.5. Schematic diagram of a water contact angle 𝜃 measured at the contact line 

formed at the intersection of three phases: solid substrate, liquid water droplet, and 

surrounding vapor. Identical contact angles are shown for the (a) Young [33-34], (b) 

Wenzel [35], and (c) Cassie-Baxter models [36] (see text). 

Typically, an equilibrium CA represents the balance of forces at the three-phase 

(solid, liquid, vapor) contact line for a perfectly flat, chemically homogeneous solid 

surface. This balance can be described using Young’s equation [33-34], 

𝛾𝑠𝑣 − 𝛾𝑠𝑙 = 𝛾𝑙𝑣 cos 𝜃 (1.1) 

where 𝛾 is surface tension or surface free energy ([N/m]) and the subscripts 𝑠, 𝑙, and 𝑣 

denote the solid, liquid, and vapor phases, respectively. Wenzel [35] proposed that 

surface roughness (see Fig. 1.5b) enhances wettability through a roughness factor 𝑟 (ratio 

of true-to-projected surface area), which modifies Young’s equation (Eq. (1.1)), 

cos 𝜃 =
cos 𝜃𝑎

𝑟
(1.2) 
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where 𝜃𝑎 is the experimentally accessible apparent-CA. A similar empirical expression 

was derived by Cassie and Baxter [36] to account for the rough composite surface (solid 

and vapor) below the water droplet as shown in Fig. 1.5c. 

Although observations generally obey Eq. (1.2), it is difficult, if not impossible, to 

extract 𝜃𝑎 from systems that display ideal wetting (𝜃𝑎 → 0). Moreover, physical and 

chemical heterogeneities can pin the contact line, which skew the measurement of 𝜃𝑎, 

i.e., the angle is not unique [42,52-53]. These factors imply that there are multiple 

equilibrium wetting states, which can be explored by advancing and receding water 

droplets through dynamic-CA measurements. Nevertheless, it is convenient to label 

materials that display static CAs of <10° as superhydrophilic and 𝜃𝑎 >150° as 

superhydrophobic [34,39,49].  

The superwetting states discussed above can only be accessed by creating a 

sufficiently rough interface of an already hydrophilic or hydrophobic material. To 

demonstrate, Nishino et al. chemically modified a flat glass surface with a coating of n-

Perfluroeicosane deposited on a hexagonal close-packed lattice with the intent of making 

the glass superhydrophobic [54]. They found that the average of the advancing and 

receding CAs was 119°, which is low compared to the static ~160° CA for the iconic 

lotus leaf [55]. Because the surface free energy of the coating (6.7 mJ/m2) is considered 

one of the lowest of any solid, this result shows that microscopic structures, like the waxy 

papillae of the lotus leaf, are key to creating a superhydrophobic surface. In fact, one can 

take an initially superhydrophilic, nanostructured surface like CuO [56] and effectively 

lower its surface free energy with a fluorinated or polymer coating to achieve 

superhydrophobicity [15,57]. Superhydrophilicity is in some ways easier to achieve 
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because a hydrophilic material can be artificially roughened. In case of metals, they can 

be chemically treated to promote the growth of a rough oxide layer [15]. Alternatively, 

some oxides like ZnO or TiO2 can be exposed to UV radiation to create oxygen vacancies 

at the surface that alter the chemical composition of the surface to facilitate dissociative 

water adsorption [58]. The net effect is a short-lived reduction of the static water CA to 

nearly zero [40]. The recent review article by Liu et al. [44] provides more detail on the 

design criteria of superwetting surfaces. 

1.3.2 Review of Interfacial and Confined Water 

In comparison to the abundant research devoted to the fabrication and application 

of superwetting materials [e.g., 39-40,42,59-60], less attention has been paid to 

understand physical and chemical interactions that take place at the microscopic interface 

between the oxide surface and water. Indeed, confined and interfacial water are 

ubiquitous in nature and found in places like cracks in rocks, soil, interior of cells [61-63] 

or even among the cosmos on interstellar dust [64]. In many cases, interfacial water is not 

a static bystander but rather an active participant in surface interactions like protein and 

membrane functions [65]. In fact, most of the water in our bodies is not in its bulk form 

but rather it can be considered interfacial [66]. Figure 1.6 illustrates the distinction 

between interfacial and bulk water on flat surfaces and within pores.  

As will be discussed below, the properties of interfacial and confined water often 

differ from those of the bulk and include phenomena like polymorphism, suppressed or 

altered phase transition(s), density changes, hysteresis, layering effects, and enhanced or 

suppressed mobility. Given the ubiquity of interfacial water and its apparent system-

dependent properties, there are fundamental questions that need to be addressed, 
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including its thickness, viscosity, reactivity and bonding to the substrate, thermodynamic 

properties, orientation, structure, and mobility compared to bulk water. 

 

Figure 1.6. Generalized continuum models of interfacial and bulk water, illustrated for 

flat (left) and porous (right) materials. 

The number of journal articles and books dedicated to the understanding of water 

at various interfaces is extremely vast; so, for practical purposes, the scope of this section 

is limited to a review of the freezing/melting behavior, structure, and dynamics of water 

in hydrophilic porous materials with a focus on experimental results. In particular, we are 

interested in the thin layer of water that resides at the surface of these porous materials. 

Recent development of prototypical porous materials that mimic aspects of natural 

environments has enabled detailed experimental studies of interfacial water. Some of 

these materials include templated-silica (MCM-n, SBA-n), zeolites, microemulsions 

(aerosol-OT), carbon nanotubes and aerogels, graphite oxide, mineral clays, and other 

porous glasses (Vycor, silica gel) [63,67]. MCM-41 and SBA-15 are among the most 

studied systems [63,68-70] as they can be prepared and purified relatively easily, have 

extremely high specific surface areas (102-103 m2/g), and can be chemically modified to 

impart varying degrees of hydrophilicity. Furthermore, their programmable pore shapes 

and sizes reduce the ambiguity of experimental results. Moreover, the characteristic 

length and time scales of water structure and dynamics are amenable to studies via 
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computer simulations to test the effects of pore size and hydrophilicity [70-72]. Thus, 

throughout this thesis we frequently compare our findings from neutron scattering and 

diffraction studies to those of silicas like MCM and SBA. 

Perhaps one of the most documented results from studies of water confined in 

porous materials, especially mesoporous silicas, has been the effect of pore size on 

water’s equilibrium melting temperature 𝑇𝑚. Studies on the freezing and melting of water 

in silica pores have shown a systematic depression of 𝑇𝑚 with decreasing pore diameter 

to temperatures well below 273 K, as characterized by DSC (differential scanning 

calorimetry), NMR (nuclear magnetic resonance), Raman and IR spectroscopy, and 

neutron and x-ray diffraction [63,70-71,73]. For pore diameters ≤ 21 Å, crystallization 

can be avoided altogether [66,74]; and, the hysteresis between freezing and melting 

vanishes for many pores with sizes less than ~27 Å, which implies an end to the first-

order transition character of bulk water [71,75]. Similar occurrences of nonfreezing pore 

and interfacial water come from water intercalated in graphite oxide [76], minerals [77], 

and hydrogels [78].  

In some cases, confinement of water to narrow pores or to hydrophilic surfaces is 

considered to be a “trick” to study the physics of supercooled water in the temperature 

range ~150-235 K, which for many years has been the experimentally inaccessible “no-

man’s land” of water’s P-T phase diagram [70,79-81]. Access to this region would be 

interesting because, based purely on theoretical predictions and computer simulations 

[82-83], there exists a phase boundary that extends from the liquid-gas coexistence line 

into the single-phase region; further, it separates high- and low-density phases of 

supercooled water at temperatures above and below the transition, respectively, and could 
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explain many of the anomalies of supercooled water. This proposed liquid-liquid 

transition alludes to the experimentally observed first-order transition between high-

density (HDA) and low-density (LDA) amorphous ice [79]. In other words, LDA and 

HDA are thought to be the vitrified forms of low- and high-density liquid water, 

respectively [84]. At ambient pressure, the transition temperature 𝑇𝑐 is in the proximity of 

228 K where many physical quantities tend to diverge [82,84]. Crossing this so-called 

“Widom Line” from above 𝑇𝑐 could be associated with a change in the diffusion 

coefficient 𝐷(𝑇) from Arrhenius (“fragile”) to non-Arrhenius (“strong”) temperature 

dependence [82]. These theoretical studies were substantiated by the experimental work 

of Liu et al. [85] who observed a dynamic crossover in the average relaxation time of 

water confined in 14 Å-dia. pores of MCM-48-S at 224 K at ambient pressure. On this 

basis, there are now many more examples of dynamic crossovers of water in both hard 

and soft confinement [63]. It is still unclear, however, whether confined water can be 

considered as a viable model of bulk supercooled water or its relation to a true liquid-

liquid critical point [63,87-89]. Nevertheless, it is apparent that confined and interfacial 

water pose significant challenges to our understanding of its behavior, especially at 

temperatures below is bulk melting point. 

Molecular dynamics simulations have confirmed the presence of a liquid-like 

layer of water that wets silica pore walls (pore diameter of 30 Å) where a large fraction of 

it does not participate in crystallization [71]. In addition, Moore et al. [70] determined 

that, below the bulk freezing point, the fraction of liquid-like water in 40 Å diameter 

silica pores is systematically higher in hydrophilic pores than in hydrophobic pores where 

the distinction between the two wetting states is based on the surface interaction potential 
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휀𝑤𝑝 (>0.3 kcal/mol corresponds to hydrophilic). In cooling the water well below the 

melting point (e.g., 190 K), the freezing behavior indicates that a significant fraction (up 

to 50%) of interfacial water will not crystallize prior to vitrification. They concluded this 

study by pointing out that the melting temperatures of bulk-like water in the pores are not 

related to the contact angles or adsorption energies of water molecules in a trivial way.  

The melting point depression of water in nanosized pores can be modeled using a 

modified form of the Gibbs-Thomson (GT) equation [70-71,87,90-91], 

𝑇𝑚 = 𝑇0 −
𝐶

𝑅 − 𝑡
(1.3) 

where 𝑇0 is the melting point for bulk water (273 K), 𝑅 is the pore radius, 𝐶 is a constant 

[K·nm] that depends on the free energy of the system, and 𝑡 is a fitting parameter that is 

often interpreted as the thickness of a nonfreezing layer of water. The value of 𝑡 varies 

between different systems but is typically on the order of 0.3-1.0 nm, or 1-3 equivalent 

monolayers of water [70,73,75]. By this model, confinement effectively accounts for a 

change in the Gibbs free energy relative to bulk water [68].  

The GT equation has proven useful in determining the melting point of confined 

water in many systems, but it provides no insight regarding the structure of the 

nonfreezing water layer or its dependence on surface wettability [66,69,71]. Using x-ray 

and neutron scattering, Jelassi et al. [69] showed that there are distinct differences in the 

structure, particularly the second nearest neighbors, of water confined in either 

hydrophilic (unmodified) or hydrophobic (methylated) silica pores having diameters of 

50-70 Å. They suggested that three of the four H-bonds of a water molecule near a 

hydrophilic (hydrophobic) surface will form with surface-hydroxyl groups (other water) 
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and point towards (away from) the pore wall, altering the density and orientation of the 

molecules. From the IR measurements by Asay et al. [73], water in the temperature range 

10-35 °C tends to adsorb onto hydroxylated (hydrophilic, CA<5°) silica surfaces with 

predominantly solid-like structure (spectroscopically). Furthermore, by increasing the 

hydration level, the population of solid-like water near the hydrophilic surface increases 

at a faster rate than the liquid-like water up to 70% relative-humidity. In contrast, the 

amount of adsorbed water on modified (slightly hydrophobic, CA=45-90°) silica is about 

a third less and both fractions of solid-like and liquid-like water grow at the same rate 

with increased hydration level. In a review by Bertrand et al. [92], a number of different 

experimental studies such as small-angle x-ray and neutron scattering, diffraction, and 

Raman and IR spectroscopy show a gradual decrease in the density of water in porous 

MCM-41 on cooling from the maximum density around 240-250 K to a minimum around 

180-200 K at 1 bar of pressure. The derivative of the density with respect to temperature 

is proportional to the thermal expansivity, which shows a minimum around 240 K for 

D2O that is strongly confined in MCM-41 (see Fig. 14 in Ref. [92]). 

There are a variety of experimental methods used to probe the dynamics related to 

the freezing and melting of water confined in nano/mesoporous silica. NMR studies by 

Miyatou et al. [81] revealed that the correlation time of the isotropic rotation of D2O 

molecules, from room-temperature to ~238 K, followed a Vogel-Fulcher-Tammann 

(VFT) relation. As the temperature approached the freezing point, D2O molecules 

clustered and formed H-bonds before creating a low-density, non-crystalline structure 

that strongly affected the rotation of water in the spherical SBA-16 micropores. [93-94]. 

Similarly, temperature dependent NMR studies [68] of 𝑇2 relaxation of water in SBA-15 
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indicate that the disordered (liquid-like) interfacial water as measured by neutron 

diffraction displays relaxation rate that is intermediate between bulk ice and liquid water. 

On heating to about 200-220 K, a sharp rise in the 𝑇2 relaxation was observed and 

attributed to the rapid onset of rotational diffusion where the water entered a plastic ice 

state. Then, just prior to the melting event, translational motion set in around 260 K [68]. 

This behavior appears to be reversible in cooling and heating scans. 

Quasielastic (QENS) and inelastic neutron scattering provide complementary 

information regarding the anomalous melting and freezing of water confined in porous 

materials like silica. This is due to the exceptionally high incoherent scattering cross 

section of hydrogen (80.26 barn) compared to the other components: silicon (0.004 barn) 

and oxygen (0.0008 barn) [95]. Takahara et al. [96] were among the first to study water 

dynamics in MCM-41 pores using QENS and found that the relaxation time of water in 

the center of the pore was longer than that of bulk water; but, rotational relaxation rate of 

the sample with a monolayer of water was nearly the same as that of the interfacial water 

in the filled pores. They also determined that the diffusion of water was systematically 

slower in narrower pores where there is a higher fraction of interfacial water. Zanotti et 

al. [80] reported evidence from QENS measurements that interfacial water (~1 

monolayer) in Vycor experiences a first-order transition from a low-density to a higher 

density liquid at 240 K on heating where rotational and long-range translational motions 

set in separately around 150 K and 240 K, respectively. Their neutron diffraction 

measurements confirmed that, down to 77 K, no Bragg peaks characteristic of crystalline 

ice were observed at this low hydration level and therefore the water was in an 

amorphous solid state.  
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Kiwilsza et al. [97] used both QENS and NMR to evaluate the dynamics of water 

in ~55 Å pores of SBA-15 at low hydration level (15% pore volume). The gradual loss of 

the free induction decay signal (from NMR) on cooling from 240 K to 120 K is 

interpreted as both a gradual freezing transition and slowing of the mobility of water in 

the pores as the temperature was reduced. Over this temperature range, the spin-spin 

relaxation time 𝑇2
∗ shows a dynamic transition around ~165 ± 5 K. From QENS, the 

temperature-dependent scan of the intensity of elastically scattered neutrons (~0.9 µeV 

resolution) indicates a gradual melting of the interfacial water with an inflection point 

around 170 K that separates the two linear regions. At 210 K, the quasielastic peak can be 

described by a single Lorentzian function whereas at 250 K and 300 K two Lorentzians 

are required. Each Lorentzian produced an average correlation time that differed 

significantly from the other. Furthermore, the activation energies of the two different 

types of motions (short-range vs. long-range hopping) were in good agreement with the 

values derived by NMR, showing that both techniques were sensitive to the same types of 

motion. 

In summary, it is clear that the behavior of interfacial and confined water is 

remarkably different than bulk water in many ways. The confinement of water to narrow 

pores of mesoporous silica has a dramatic effect on the water’s ability to freeze into 

crystalline ice. Furthermore, the differences in surface hydrophilicity are reflected in the 

different ways that water arranges on the silica wall as well as its mobility compared to 

water further from the surface. The possibility of a second critical point of water has 

recently opened an active and exciting area of research that extends to the physical and 

applied sciences.    
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Chapter 2 

The Structure, Morphology, and Wetting 

Properties of Nanostructured CuO 

In this chapter, we describe how we used electron and atomic force microscopy (AFM), 

water contact-angle, and vapor sorption measurements to characterize CuO coatings that 

mimic the interior surfaces of copper flat-plate oscillating heat pipes (FP-OHPs). The 

nanostructures that were prepared using the oxidation recipe by Liu et al. [98] have been 

shown to enhance the thermal performance of water-charged FP-OHPs [16]. However, 

we found that the uniformity of these CuO coatings was inadequate for the many foils 

required for our neutron scattering experiments. Therefore, we used another recipe by 

Nam and Ju [56], which our scanning electron microscope (SEM) images show the oxide 

to form a nearly identical “grass-like” CuO morphology as those by Liu et al. [98].  

A detailed understanding of the structure and composition of the solid surface is 

required to interpret our findings from neutron scattering experiments. Therefore, in Sec. 

2.1, we characterize the crystallinity, layering structure, and chemical composition of the 

CuO coating using a variety of transmission electron microscopy (TEM) techniques. In 

Sec. 2.2, we discuss our water contact-angle and condensation experiments where the 

latter reveal the wetting behavior and superhydrophilicity of the CuO coating on the 

micron scale. Lastly, in Sec. 2.3, we characterize the pore size, surface area, and water 

adsorption of the CuO coating using vapor sorption measurements and AFM. 
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2.1 Growth of “Grass-like” CuO Nanostructures 

Cupric oxide (CuO) nanostructures have recently attracted attention because of their size-

dependent physical and chemical properties such as tunable band gap, photo-

luminescence, electrical resistivity, photocurrent density, and magnetism [99]. These 

tailorable properties are desirable for a wide range of applications: gas/bio sensing, solar 

collection, nano/microfluidics, catalysis, field emission (p-type semiconductor), batteries, 

heat transfer, and filtration [99-100]. Unlike other 3d transition-metal oxides, CuO forms 

a monoclinic crystal structure (as opposed to the typical rock-salt structure) whose 

micron-scale morphology can be controlled by tuning growth conditions like 

temperature, pressure, and concentration of reactants [99].  

 The nanostructured-CuO coating applied to copper FP-OHPs was grown using the 

recipe developed by Liu et al. [16,98]: the native oxide layer of the copper OHP was 

removed by immersing the OHP in 3.0 M HCl solution for 10 min. After rinsing in 

ethanol and deionized water, the OHP was then immersed in an aqueous solution 

consisting of 30 mM of NaOH for 20 hours at 60 °C. After oxidation, the OHP was 

removed from heating, rinsed in deionized water, and air-dried. This process resulted in a 

dark coating of copper oxide as shown for copper foils in Fig. 2.1. On preparing several 

dozen samples required for our neutron scattering experiments, we found that the 

uniformity and homogeneity of the CuO layer was inadequate. Therefore, another 

synthesis option was considered and is discussed below. 
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Figure 2.1. Photos of a 5-cm diameter, 12-µm thick copper foil (left) before and (right) 

after oxidation using the recipe developed by Liu et al. [98]. 

On inspecting the oxidized foil in Fig. 2.1, we see that the surface is decorated 

with brown (or greyish) spots. An SEM image of one of these spots is shown in Fig. 2.2 

and reveals a different morphology from that of the nanostructures found in the black 

areas of the foil (Fig. 1.4). A different nanostructure morphology could affect the 

hydrophilicity of the oxidized foil and therefore the behavior of interfacial water (see, 

e.g., Fig. A.1). Using energy-dispersive X-ray spectroscopy (EDS), the elemental 

composition of the discolored areas of the oxidized foils consisted of copper and oxygen, 

like the CuO (black) regions; however, the copper signal at ~0.9 keV is markedly 

enhanced, which indicates the discolored patches are likely composed of the other stable 

copper oxide phase, Cu2O, i.e., the oxidation process was incomplete. Attempts were 

made to achieve higher uniformity of nanostructures by increasing the oxidation time to 

28 hours, but the number of samples whose surfaces lacked complete CuO coverage 

remained around 10-20% (out of 100 foils per batch). 



25 

 

Figure 2.2. SEM image of a discolored “grey” patch on the oxidized copper foil. 
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Figure 2.3. Energy-dispersive X-ray spectroscopy (EDS) scans of (a) black and (b) 

discolored regions of copper foil oxidized in an alkaline solution [98]. EDS was taken 

within the ~3 x 3 µm2 boxes of the inset SEM images. Photos of each sample are 

inserted. 

To address the nonuniformity of the CuO coverage, we used an alternative 

oxidation recipe by Nam and Ju [56], which can produce CuO nanostructures on Cu foils 

with a similar “grass-like” morphology as the recipe by Liu et al. [98]. Commercially 

available copper foils (All Foils, Inc.) of thickness 12.7 µm were cleaned in acetone for 

~20 min, and the native oxide layer was removed in 2.0 M HCl solution for ~30 seconds. 

The foils were then quickly rinsed in deionized water and immersed in a hot alkaline bath 

at 95 °C consisting of NaClO2, NaOH, Na3PO4·12H2O, and deionized water in the ratio 

3.75:5:10:100 by weight. Immediately after immersion, the color of the foils transitioned 

from metallic pink to brown to black within a couple of minutes, which is significantly 

faster than the 20-hour oxidation process used previously [98]. After ten minutes in 

solution, the foils were rinsed with deionized water and air dried on a clean surface. 
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Subsequent SEM imaging shows that ten minutes of oxidation leads to a uniform oxide 

layer on the surface of the copper foils. The two-step chemical reaction leading to the 

formation of CuO on Cu foil is described in Refs. [56-57]: 

2Cu + 2OH− → Cu2O + H2O + 2e− (2.1a) 

Cu2O + 2OH− → 2CuO + H2O + 2e− (2.1b) 

Note that the initially transparent solution changed to a greenish-blue color – 

characteristic of copper-hydroxide (Cu(OH)2) – after oxidizing a few foils, so a 

metastable intermediate like Cu(OH)2 might play a role in determining the final 

morphology of CuO. 

SEM images of oxidized foils are shown in Fig. 2.4 for samples taken out of 

solution at various times: 0 s (not exposed), 10 s, 30 s, 1 min, 2 min, and 5 min. Before 

exposure, the starting substrate (bare Cu foil) shows surface imperfections (“striations”) 

caused by the manufacturing process, i.e., rolling. Upon exposure to the solution (Fig. 

2.4b-e), the Cu surface rapidly becomes rougher with the development of oxide 

nanostructures. At 5 minutes (Fig. 2.4f), the foils are completely covered with a layer of 

nanostructures whose grass-like morphology is shown in the magnified SEM image in 

Fig. 2.5. From a survey of SEM images, the average dimensions of a triangular CuO 

blade are 2 µm tall, ~0.5 µm wide at the base, and ~20 nm thick. For the preparation of 

many (>10) samples, we note the following: (1) using a larger volume of solution yielded 

poorer results than for the 100 ml bath size; (2) the need to exchange the 100 ml solution 

after every ~5 foils due to the evaporation of water at 95 °C; and (3) the need to flip the 

foils after ~5 minutes or stir occasionally. 
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Figure 2.4. SEM images of a copper surface exposed to an oxidizing solution [56] for (a) 

0 s, (b) 10 s, (c) 30 s, (d) 1 min, (e) 2 min, and (f) 5 min. 

 

Figure 2.5. SEM image of the grass-like morphology of CuO nanostructures. 
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The crystallinity, layered-structure, and chemical composition of the oxide layers 

were investigated using high-spatial-resolution transmission electron microscopy (TEM) 

at the MU Electron Microscopy Core Facility. The sample used for TEM characterization 

was prepared in a focused-ion beam (FIB)-SEM instrument (FEI Scios Analytical): a thin 

(~30 nm) layer of platinum was deposited over a 25 × 2.5 µm2 rectangular area of the 

CuO surface to protect the nanostructures from damage during the ion-milling process. A 

highly energetic Ga-ion beam (5 kV, 0.1 nA) was used for initial trenching, whose energy 

was subsequently lowered (2 kV, 16 pA) for final polishing. An SEM image of the 

sample after lift-out (prior to final polishing) is shown in Fig. 2.6. 

 

Figure 2.6. SEM image of a cross section of the sample used for TEM characterization. 

The ~100 nm-thick sample was transferred to a 300-kV TEM (FEI Tecnai Twin 

F30) for characterization. A cross-sectional view of a CuO-coated copper foil is shown in 

the high-angle annular dark-field (HAADF) image in Fig. 2.7a. HAADF images are 

formed primarily by Rutherford back-scattered electrons collected at relatively high 

angles with respect to the incident beam (70 mrad < 𝜃 < 400 mrad). In principle, the 

grey-scale intensity of an HAADF image is approximately proportional to z2 where z is 
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the atomic number of the target atoms [101-102]. The average z2 values for the copper 

layers Cu, Cu2O, and CuO are approximately 841, 484, and 342, respectively. 

Accordingly, the grey scale intensity of bulk Cu would be brightest, CuO the darkest, and 

Cu2O in between, consistent with the HAADF image contrast shown in Fig. 2.7a. The 

black areas in this figure are holes through which the incident electron beam passes 

unimpeded. The average thickness of the Cu2O layer normal to the Cu substrate is 216 ± 

98 nm, which agrees with that measured by Enright et al. [57], although it is unclear how 

they distinguished the Cu2O layer and its thickness (~300 nm) from CuO and Cu phases 

in their SEM images. 

Selected-area electron diffraction (SAED) patterns were taken in the circled 

region in Fig. 2.7a. The pattern in Fig. 2.7b shows the resulting Bragg spots indicative of 

single-crystal domains [103], which could be indexed to Cu and Cu2O phases (see Table 

2.1). Moreover, the SAED patterns revealed an epitaxial relationship between the grains 

of the Cu substrate and the Cu2O film: Cu[112]||Cu2O[112]; Cu(111)||Cu2O(111); and, 

Cu(220)||Cu2O(220) as has been observed previously [104-105]. 

Sample area Index Obs. d [Å] Calc. d [Å] Diff. [%] 

Copper substrate 
Cu (200) 1.821 1.807 0.77 

Cu (111) 2.089 2.087 0.01 

Cu/Cu2O interface 

Cu (200) 1.800 1.807 0.39 

Cu2O (111) 2.474 2.465 0.37 

Cu2O (200) 2.120 2.135 0.70 

Table 2.1. Comparison between observed and calculated d-spacings for Bragg spots 

indexed from SAED patterns of CuO-coated samples (see Fig. 2.7b). 
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Figure 2.7. (a) HAADF image of a cross section of a chemically oxidized Cu foil. Layers 

(Cu, Cu2O, and CuO) are identified based on image contrast, enabling the Cu2O region to 

be outlined by the dashed red curve. The estimated thickness of the Cu2O layer is 216 ± 

98 nm, in reasonable agreement with Ref. [57]. (b) SAED pattern taken in the circled 

region in (a) along the [112] zone axis of Cu and Cu2O. (c) EELS scans taken within each 

layer of (a) with the copper L2 (951 eV) and L3 (931 eV) edges labeled. Spectra are offset 

vertically for clarity. 
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Electron energy-loss spectroscopy (EELS) scans collected simultaneously with 

TEM images were used to determine chemical composition in the layers identified by 

image contrast in Fig. 2.7a. Representative EELS scans are shown in Fig. 2.7c where the 

energy-resolution is ~1 eV based on the width of the zero-loss peak. The background was 

removed using standard analysis methods available in the acquisition software. In these 

scans, the incident electron beam (300 keV) excites the sample’s electrons into vacant 

states above the ionization edges [106]. The shapes of the L-transitions (2p-to-3d shells) 

near 931 eV and 951 eV and their intensity ratio (L3-to-L2) can be used to fingerprint the 

oxidation state of copper [107]. The shapes of the EELS edges agree well with those 

reported elsewhere [108]; and, together with the HAADF images and SAED patterns, 

confirm the identities of the layers labeled in Fig. 2.7a.  

2.2 Hydrophilicity and Wetting Behavior 

Micro- and nano-structuring of surfaces can enhance their wetting properties [34,55,59] 

as was found for the CuO coatings used in FP-OHPs [56,98]. As discussed in Sec. 1.3, 

the most common test to determine hydrophilicity is by a water contact-angle 

measurement. Our measurements were all conducted in air using 1 µl droplets of purified 

water (Ramé-Hart model 200), and our results show that bare copper is weakly 

hydrophilic/hydrophobic with a contact angle of ~70-90° (see Fig. 2.8a). In contrast, 

water deposited on the CuO surface readily wets the nanostructures and produces a 

vanishing (~0°) contact angle (Fig. 2.8b), which is characteristic of superhydrophilic 

surfaces [34]. 
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Figure 2.8. Equilibrium water contact-angle measurements, using 1 µl droplets, for (a) 

bare-Cu and (b) CuO-coated Cu surfaces with average values of 70° and ~0°, 

respectively. The arrow in (b) points to the water droplet that has spread out on the CuO 

surface. (c-d) Observation by ESEM of water condensation on (c) untreated-Cu and (d) 

CuO surfaces. 

In addition to water contact-angle evaluation, we used environmental-SEM 

(ESEM) water-condensation measurements to elucidate the differences in wetting on 

untreated-Cu and CuO-coated Cu foils at the microscale. ESEM is an operational mode in 

which water vapor (or other gas) is introduced into the SEM chamber at relatively low 

pressures (2600 Pa), enabling the study of biological or insulating surfaces without 

invasive sample preparation procedures [109]. We take advantage of ESEM by creating a 

humid environment around the sample similar to that within our neutron scattering 

sample cell (see Appendix A). In addition, the sample temperature can be controlled to 

induce condensation or evaporation of liquid water, allowing us to determine wetting 

behavior and water droplet morphology on the micron scale.  



34 

To observe the wetting of water to CuO blades, an ~8 × 13 µm2 rectangular 

trench was milled into the surface of a ~1 × 1 cm2 CuO-coated Cu foil using a focused-

ion beam (FIB) in a FIB-SEM instrument (FEI Scios Analytical). The sample was then 

mounted on a custom-made oxygen-free high-conductivity (OFHC) copper sample stub, 

titled at an angle of ~15° relative to the incident beam direction in order to minimize 

beam heating effects [110-111]. High-thermal-conductivity paste (Arctic Silver 5) was 

used to provide optimal thermal contact between the sample and the Peltier cold-stage. 

ESEM images were obtained by collecting electrons in a gaseous backscattered-electron 

detector as the incident electron beam rasters across the sample’s surface. Image 

recording ended when the water layer thickness exceeded the escape length of 

backscattered electrons, as indicated by the total loss of image contrast. Reproducibility 

was confirmed by repeating condensation and evaporation cycles on several samples. 

The dew point near the sample surface was controlled by adjusting the vapor 

pressure of the SEM chamber (0-800 Pa) as well as the sample temperature (268-298 K). 

In addition, we adjusted the electron beam accelerating voltage (5-20 kV), sample-

detector gap distance (10-15 mm), and image dwell time (0.3-30 µs) for the best signal-

to-noise ratio. We found that a water vapor pressure of ~500 Pa provided a good 

compromise between humidity and image noise. The predicted saturated vapor pressure 

(dew point) 𝑒𝑠 over water was determined using Tetens’ (empirical) formula [112], 

𝑒𝑆 = 𝑒0 exp [
𝑏(𝑇 − 𝑇1)

𝑇 − 𝑇2
] (2.3) 

where 𝑒0 is the saturated vapor pressure at 273.16 K approximately equal to 611 Pa; 𝑏 is 

a constant (17.27); and, 𝑇1 and 𝑇2 are equal to 273.16 K and 35.86 K, respectively. 
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Choosing 𝑒𝑠 of 500 Pa, the calculated dew point is ~270.44 K or -2.72 °C, which can be 

achieved using the Peltier cold-stage accessory of the SEM instrument (FEI Quanta 

600F). Controlling the sample temperature in this way allowed us to initiate condensation 

and evaporation of water similar to the technique used by others [113]. 

The water condensation procedure begins by equilibrating the sample at a 

temperature just above the dew point (e.g., 273 K) for 5 minutes. Then, the sample is 

cooled in steps ranging from 0.1 K to 1 K at the slowest allowable temperature ramping 

rate of 1 K/min and equilibrated for at least one minute after each temperature change. At 

the dew point, the system is in equilibrium where the number of water molecules that 

condense is equal to that which evaporates. Just below the dew point, around 269.5 K, 

ESEM imaging shows the onset of condensation. Water droplets nucleate and grow 

rapidly over a span of a couple minutes during which video is recorded. After a few 

minutes, the CuO surface becomes completely submerged, and droplets grow larger than 

the image frame size, prompting the end of image recording.  

Here, we comment on the state of water on the CuO surface during this 

experiment. The conditions under which condensation occurs in these experiments (269.5 

K, 500 Pa) appear to cross the solid-vapor coexistence line just below the triple point as 

indicated by the dashed blue line in Fig. 2.10. To reconcile this issue, we first note that 

condensation is a non-equilibrium thermodynamic process and therefore the PT-phase 

diagram in Fig. 2.10 does not accurately reflect the state of the water on the CuO surface 

during condensation [113]. Furthermore, our analysis of water wetting to CuO is based 

on images of small (<100 µm diameter) droplets, which are known to supercool due to 

finite size effects [114]. Based on image contrast alone, we cannot rule out the possibility 
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of the deposition or growth of solid water on the CuO surface; however, comparing our 

ESEM images with those of bulk ice at similar conditions [113], the droplets in our 

system have rounded shapes and tend to coalesce, suggesting the liquid state. To pursue 

this point, we can apply the Young-Laplace equation, which expresses the pressure 

discontinuity ∆𝑃 at a curved interface [113], 

∆𝑃 = 𝑃𝑤 − 𝑃𝐸𝑆𝐸𝑀 =
2𝛾𝑙𝑣

𝑅
(2.4) 

Here, 𝑅 is the droplet radius ([µm]), and the subscripts 𝑤 and 𝐸𝑆𝐸𝑀 refer to the pressure 

within the water droplet and ESEM chamber, respectively; 𝛾𝑙𝑣 is the liquid-vapor surface 

tension of supercooled water, which is approximately 76.5 kPa/µm at -3 °C [115]. Using 

a droplet radius of 2 µm as an example (circled droplet Fig. 2.9), the droplet’s internal 

pressure 𝑃𝑤 is approximately 76.5 kPa. This value suggests the water is effectively in the 

liquid region of the phase diagram [116] depicted by the red asterisk (*) in Fig. 2.10. 

While this argument can explain the observation of liquid water in our ESEM images, we 

must emphasize that the phase diagram is applicable to macroscopic systems in 

thermodynamic equilibrium [113]. 

 

Figure 2.9. ESEM image of water condensed on the surface of a bare-Cu foil. The 

Young-Laplace pressure (Eq. (2.4)) was evaluated for the circled droplet. 
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Figure 2.10. Equilibrium phase diagram of bulk water. Adapted from [116] (original 

available from: http://math.ucr.edu/home/baez/chemical/725px-

Phase_diagram_of_water.svg.png). Temperature and pressure conditions of our ESEM 

experiments are shown as the dashed horizontal line near the triple point. The Young-

Laplace pressure 𝑃𝑤 for a water droplet of radius 2 µm (see Eqn. (2.4)) is ~76.5 kPa at 

~269.5 K, shown as the red asterisk (*) just within boundary of the liquid phase. 

 A summary of our ESEM results for bare-Cu and CuO samples is shown in Fig. 

2.8c and Fig. 2.8d, respectively. On the bare Cu surface, we observed hemispherically-

shaped droplets that nucleated along the striations of the Cu surface. Video playback 

(select frames are given in Fig. 2.11(a-c)) shows that surface wetting proceeds in a two-

step process: the droplet volume increases slightly, as seen by an increase in height, 

followed by the liquid front moving outward radially, following the striations of the 

copper foil. Throughout the growth period, the droplets retained their hemispherical 

shape in qualitative agreement with water contact angle measurements (Fig. 2.8a).  

http://math.ucr.edu/home/baez/chemical/725px-Phase_diagram_of_water.svg.png
http://math.ucr.edu/home/baez/chemical/725px-Phase_diagram_of_water.svg.png
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In contrast, condensed water on the CuO coating nucleated near the base of the 

nanostructures and proceeded to fill the pore space from valley to peak (see Fig. 2.11(e-

f), Fig. 2.12(b-c), and Fig. 2.13(a-c)). Simultaneously, the three-phase (liquid, vapor, 

solid) contact line expanded laterally such that water tended to fill the pore space between 

neighboring CuO blades, again, from valley to peak (see Fig. 2.13(a-c)). At this stage, 

ESEM images in Fig. 2.11 show liquid water wetting to the CuO blades, forming a web-

like morphology as in the Wenzel wetting model [35]. After filling a pore between CuO 

blades, the water began to form a hemispherical droplet shape with its edges pinned to the 

CuO blades (see Fig. 2.13(d)). As the droplets grew, we saw that their contact line was 

pinned by the nanostructures (see Fig. 2.13(e-h)).  

 

Figure 2.11. False-colored ESEM images of water actively condensing on bare Cu (a-c) 

and CuO nanostructures (d-f). The colored pixels identified as water are discriminated 

based on image contrast and intensity relative to the dry state in (d).  
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Figure 2.12. Magnified ESEM images of the dry (a) and wet (b-c) CuO surfaces 

previously shown in Fig. 2.11(d-e). Liquid water was identified by image contrast and by 

comparing with the initially dry condition shown in (a). In the image, water was colored 

blue color using computer software (Adobe Photoshop). Cartoon illustrations of two 

adjacent CuO blades are shown to highlight the water meniscus and pore-filling (i.e., the 

Wenzel state [35]). Scale bar is 0.5 µm. 
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Figure 2.13. ESEM video screenshots of water condensing on a CuO-coated Cu foil at 

multiple length scales. Timestamps (min.: sec.) are given in the bottom right corner of 

each image. (a-c) Initial stages of condensation, shortly after nucleation at the base of the 

CuO nanostructures. Water fills the funnel-shaped pores vertically (valley-to-peak) and 

expands laterally, filling adjacent pores. (c-g) When a pore is filled, a hemispherical 

droplet forms above it with its three-phase contact line being pinned to nanostructures 

(red arrows). (h) Eventually, droplets coalesce, forming different morphologies.  
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2.3 Surface Area, Porosity, and Sorption Properties of 

the Nanostructured CuO Coating 

The porosity of the nanostructured CuO coating was studied using nitrogen (N2) 

isotherms measured on a Quantachrome Autosorb instrument after outgassing the sample 

at 513 K for 20 hours. Figure 2.14a shows the N2 adsorption and desorption isotherms 

for a ~0.87g sample of CuO-coated Cu foils (four 5-cm-diameter foils). The mass of 

these foils also includes that of the copper substrate, which is nominally 10 µm thick for 

each foil. By removal of the oxide coating using diluted-HCl, the mass of the metallic 

copper was about 0.61g; so, the CuO coating accounts for ~0.26g of the sample mass 

used for these nitrogen isotherm experiments. The inset shows the pore-size distribution 

calculated by the BJH method [117] (embedded in the software of the Quantachrome 

instrument), which indicates that the CuO coating contains both micro- and mesopores 

with pore sizes in the ranges 0-20 Å and 20-500 Å, respectively [118]. The wide range of 

pore sizes probed by N2 molecules is consistent with the random spacing between CuO 

blades observed in our electron microscope images (see, e.g., Fig. 2.5 and Fig. 2.7a).  

It is clear in Fig. 2.14a that the CuO coating readily uptakes N2, based on the 

sharp increase in the amount adsorbed at low pressure (P/P0 → 0). On increasing the 

pressure, one sees a number of steps corresponding to layer-by-layer adsorption of N2. In 

the IUPAC system [118], the data closely resemble that of type-VI adsorption in which 

the step-height represents the adsorption capacity of each wetting layer and the sharpness 

of each step depends on the temperature and the interaction potential between the probe 

gas molecules and the atoms of the substrate [119]. The rare type-VI isotherm has been 
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observed in the adsorption of krypton (at 90 K) on graphitized carbon black, which 

possesses a highly uniform surface [119]. A characteristic feature of type-VI isotherms is 

that they are reversible, which does not appear to be the case in the CuO system given the 

hysteresis in the desorption branch (open points in Fig. 2.14a). Furthermore, the 

desorption data display an interesting behavior where, at certain pressures (~0.8, 0.55, 

and 0.3), it appears that some of the N2 molecules release from the surface/pores and give 

rise to local maxima and minima. These sorption phenomena have been observed 

previously in systems consisting of niobium-doped (0-1 %) tungsten-oxide (WO3) 

nanoparticles [120]; however, the origin of the unusual desorption behavior in both 

systems remains to be determined. 

The specific surface area of the CuO coating was estimated by the BET method 

[121] (Brunauer, Emmett, and Teller) to be ~0.6 m2 per gram of CuO-coated Cu foils, 

which includes the relatively large mass of the copper substrates. An equivalent treatment 

of bare-Cu foils (not shown) yields ~0.1 m2/g. We recognize that these measurements lie 

at the lower end of the instrument sensitivity, and we addressed this issue by reproducing 

the low specific surface area of ~0.54g sample of exfoliated graphite (i.e., Grafoil®) of 

22.4 m2/g. Assuming that the results of our N2 sorption measurements accurately reflect 

the filling of CuO pores, the cumulative adsorption of N2 is plotted versus pore size in 

Fig. 2.14b.  
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Figure 2.14. (a) Vapor isotherms for adsorption (closed squares) and desorption (open 

circles) of N2 as a function of reduced pressure (P/P0) at 77 K. Arrows point to artifacts 

in the desorption data (see text). (Inset) Pore-size distribution determined by the BJH 

method [117]. (b) Plot of the cumulative amount of N2 adsorbed by CuO-coated samples 

vs. pore diameter. 
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Nitrogen is a weakly interacting molecule that does not participate in hydrogen 

bonding with the surface as do water molecules on the superhydrophilic CuO 

nanostructures. H-bonding between water and CuO is discussed in Sec. 4.1, which 

contains measurements of the vibration spectrum of ice by inelastic neutron scattering. 

Therefore, a water sorption measurement was also performed on a ~0.39-gram sample of 

CuO-coated copper foil using a BELSORP-max instrument at 298 K after outgassing the 

sample at 373 K for 24 hours. The adsorption and desorption isotherms are shown in Fig. 

2.15. In the IUPAC system [118], the adsorption follows that of a type-III isotherm 

characterized by no identifiable monolayer formation. The increasing slope up to the 

saturated vapor pressure (P0) indicates capillary condensation, and hysteresis might be 

attributed to metastability of the adsorbed layers and/or network effects [118]. Additional 

measurements are planned to 1) resolve the low-pressure region (< 0.2 P/P0) in order to 

study the initial adsorption of interfacial water and 2) to determine the porosity as in Fig. 

2.14 but now using water as the probe molecule. 
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Figure 2.15. Water vapor adsorption and desorption isotherms measured at 298 K. 

We also performed atomic force microscopy (AFM) measurements to determine 

the surface roughness and estimate the surface area of the CuO coating in contact with 

hydration water. The high aspect ratio and density of the nanostructures made these 

measurements difficult because standard AFM probes cannot penetrate very far into the 

valleys between neighboring CuO blades. In addition, the AFM probe is not sensitive to 

the side of CuO blades facing the Cu substrate or blades oriented normal to the surface. 

Nevertheless, AFM scans were performed at the Center for Nanophase Materials 

Sciences (CNMS) at Oak Ridge National Laboratory using high-aspect ratio (>5:1) AFM 

probes (Asylum Research, AR5-NCH) and a state-of-the-art AFM instrument (Asylum 

Research, MFP-3D).  

AFM scans were conducted in tapping-mode at a scanning rate of 0.1 Hz over a 

10 × 10 µm2 area, and the results were averaged over ten different areas of a CuO-coated 
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Cu foil. A representative AFM scan of a CuO sample is shown in Fig. 2.16. The rms (Rq) 

roughness of the CuO surface is ~739 nm with a standard deviation of 91 nm, calculated 

using the following expression, 

𝑅𝑞 = √
1

𝐿
∫ |𝑍2(𝑥)|𝑑𝑥

𝐿

0

(2.2) 

where 𝐿 is the length of the scan line and 𝑍(𝑥) is the pixel height at position 𝑥 on the 

surface. The approximate surface area (𝑆𝑚) of the CuO coating in a 100 µm2 scan area 

(𝑆𝑎) is 302 µm2, which is calculated by a simple triangulation method [122] embedded in 

the AFM instrument’s acquisition software. Using the mass of a single foil (~0.2 g), the 

surface area measured by AFM equates to a specific surface area of ~0.06 m2/g, which is 

an order of magnitude smaller than that determined from a nitrogen isotherm (~0.6 m2/g). 

This discrepancy is due to the inability of the AFM probe to access a significant fraction 

(90%) of the CuO pore space/surface area. It can be also be demonstrated by comparing 

the AFM image in Fig. 2.16 to an SEM image like that in Fig. 2.4f. For reference, the 

AFM scan of a 100 µm2 area of a bare Cu foil (not shown) yields an rms roughness of 

110 ± 19 nm and surface area of ~103.5 ± 0.8 µm2. Therefore, the roughness parameters 

(𝑟 = 𝑆𝑚/𝑆𝑎) for the CuO and Cu surfaces are ~3.0 and ~1.0, respectively. Our AFM 

results confirm that surface probes cannot access the entire surface area of these CuO-

nanostructured coatings and that vapor sorption measurements are preferred. 

 



47 

 

Figure 2.16. Topographical AFM image of a 10 × 10 µm2 region of a nanostructured 

CuO surface. 
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Chapter 3  

Structure and Freezing/Melting Behavior of 

Water Near Hydrophilic CuO Surfaces 

In this chapter, we assess the strength of the hydrophilic interaction between water and 

nanostructured-CuO surfaces by examining water’s solid-liquid phase transition. Our 

approach utilizes incoherent elastic neutron scattered intensity measured as a function of 

sample temperature on a high-energy-resolution backscattering neutron spectrometer. 

These so-called elastic “fixed-window” scans (FWS) served as efficient preliminary 

measurements conducted prior to our more detailed quasielastic neutron scattering 

(QENS) experiments discussed in Chapter 4. Therefore, in Sec. 3.1 we introduce two 

backscattering spectrometers from which we collected FWS and QENS. The composition 

of our samples used for neutron scattering measurements is given in Sec. 3.2. The results 

of our FWS are presented in Sec. 3.3 where we report continuous freezing and melting of 

the water near CuO-coated samples that is consistent with the formation of an amorphous 

solid phase. To test this hypothesis, we conducted a series of neutron diffraction 

measurements, with results presented in Sec. 3.4, to determine the structure of the solid 

interfacial water. The absence of Bragg peaks associated with crystalline ice supports our 

interpretation of the FWS wherein water freezes into an amorphous solid at low hydration 

(≤120 µl D2O added). However, at sufficiently high hydration (240 µl) Bragg peaks 

indexed to hexagonal ice appear around 260 K whose intensities grow with decreasing 

temperature. 
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3.1 Two Complementary Backscattering Neutron 

Spectrometers 

Two state-of-the-art backscattering neutron spectrometers were used to study the 

freezing/melting behavior and dynamics of interfacial water near CuO-coated and bare-

Cu foils: The High-Flux Backscattering Spectrometer (HFBS) at the NIST Center for 

Neutron Research [123] and the Backscattering Silicon Spectrometer (BaSiS) [124] at the 

ORNL Spallation Neutron Source. In general, backscattering spectrometers have an 

inverted geometry in which the final neutron energy is fixed via diffraction from an array 

of analyzer crystals. This setup is analogous to a triple-axis spectrometer with a fixed 

analyzer position. Furthermore, backscattering spectrometers are characterized by high-

energy resolution ∆𝐸𝑚𝑖𝑛 in the µeV to sub-µeV range where the final neutron energy 𝐸𝑓 

is determined by Bragg diffraction from an array of silicon (111) analyzer crystals at 

scattering angles approaching 2θ = 180° (backscattered) [123-124]. Given a fixed final 

energy, the incident neutron energy varies with its time-of-arrival, which is determined in 

fundamentally different ways for each spectrometer.  

On BaSiS, the incident neutron energy 𝐸𝑖 is determined by the time it takes for a 

neutron emitted from the surface of the moderator to reach the sample position, i.e., its 

time-of-flight (TOF). The incident energy is expressed as [125], 

𝐸𝑖 =
𝛼𝐿𝑖

2

(𝑡 − 𝑡𝑓 − 𝑡0)
2

(3.1) 
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where 𝛼 is a constant (5.2276 x10−6), 𝐿𝑖 is the moderator-to-sample distance (84 m), 𝑡 is 

the total time-of-arrival measured by the detector, 𝑡𝑓 is the TOF of the neutron from the 

sample to the detector, and 𝑡0 is the emission time of the neutron from the moderation 

(time measured in seconds). The uncertainty in the energy transfer 𝛿𝐸 is given by the 

uncertainty in the incident and final energy terms, which add in quadrature [125], 

𝛿𝐸 = √𝛿𝐸𝑃
2 + 𝛿𝐸𝑆

2 (3.2) 

where 𝛿𝐸𝑃 and 𝛿𝐸𝑆 are the contributions by the flight paths before and after the sample. 

In contrast with BaSiS, on the HFBS the energy resolution is determined by the 

monochromator, which consists of an array of perfect silicon wafers oriented with their 

(111) planes normal to the incident neutron beam. The spread in wavelength of neutrons 

∆𝜆 that Bragg-diffract from the Si (111) planes of the monochromator is described by the 

following expression [123], 

(
∆𝜆

𝜆
)

2

= (
∆𝑑

𝑑
)

2

+ (
∆𝜃

tan 𝜃
)

2

(3.3) 

where the last term vanishes for scattering angles approaching the backscattering 

condition (𝜃 = 90°) and ∆𝑑 is the spread in the lattice spacing of the Si(111) planes. The 

Si wafers are mounted on an oscillating support structure (mechanical Doppler drive), 

which moves in a direction parallel to the average Si[111] direction such that the 

backscattering condition is always maintained [123]. The primary use of the Doppler 

drive is to change the incident neutron energy on the HFBS. With this technology, at any 

point in time, the energy of the neutron incident on the sample is shifted up or down 
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(depending on the direction the Doppler drive moves) by diffraction from the moving 

Si(111) lattice [123].  

The configurations of the HFBS and BaSiS used in the following experiments are 

summarized in Table 3.1. These spectrometers complement each other in that they access 

dynamics on similar time and length scales: hundreds-of-picoseconds to nanosecond in 

time, and angstrom-to-nanometer in space. BaSiS, with its larger dynamic range, can 

sample faster motions than HFBS, whereas the HFBS has a better energy resolution (~1 

µeV vs. ~3.5 µeV for BaSiS) – a point to which we will return later.  

One of the primary data-acquisition modes of the HFBS is a scan of elastically 

scattered neutron intensity versus temperature, i.e., a “fixed-window scans (FWS),” as 

recorded in each detector (each wave vector transfer Q). It is obtained by halting the 

monochromator and recording the resolution-limited elastic intensity. A FWS can also be 

recorded as a function of other physical variables like time or pressure. The strength of 

this operational mode is that all the neutrons incident on the sample have nominally the 

same energy, which allows for faster measurements of the elastic intensity as opposed to 

when the Doppler drive is in motion. 

 
Q-range [Å-1] 

(d-spacing [Å]) 

Dynamic range [µeV] 

(Approx. timescale [ps]) 

Energy resolution [µeV] 

(Approx. timescale [ps]) 

HFBS 
0.25 – 1.75  

(~3.59 – 25.12) 

± 17 

(>240) 

1.0 

(4100) 

BASIS 
0.20 – 1.90  

(~3.31 – 31.4) 

± 120 

(>30) 

3.5 

(1200) 

Table 3.1. Approximate wave vector transfer (Q) ranges, energy-transfer (dynamic) 

ranges, and energy resolutions of the HFBS and BaSiS instruments used in QENS 

experiments. The conversion 𝑑 ~ 2𝜋/𝑄 is used to estimate the accessible length scales 

(d-spacings); time scales are estimated by the conversion 𝑡 ~ 𝐸/ℎ where ℎ is Planck’s 
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constant. Note that the energy ranges and resolutions of both the HFBS and BaSiS are not 

limited to the specific configurations listed above. 

 

Figure 3.1. Schematic of the HFBS showing the major components of the instrument 

(reproduced from ncnr.nist.gov (accessed 2019)). 

3.2 Preparation of Samples for Neutron Scattering 

The samples used in the following neutron scattering experiments were prepared with 

identical composition and geometry to facilitate comparison of results between different 

spectrometers. Our samples consist of 100 CuO-coated copper foil disks (5-cm-diameter), 

each of thickness 12.7 µm, stacked inside of a cylindrical aluminum cell (5-cm-dia., 2-

cm-height) under helium atmosphere and sealed with an indium O-ring (see Fig. 3.2). In 

some experiments, a sample of untreated (bare) copper foils was prepared for background 

subtraction or comparison purposes. Prior to sealing a sample, and unless otherwise 
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specified, the foils are heated in air at a moderately low temperature of ~328 K for 24-48 

hours to drive off excess water. Then, the hydration level of each sample is established by 

loading a fixed volume of water (H2O for incoherent scattering or D2O for diffraction) in 

the bottom of the sample cell immediately prior to sealing. After sealing the sample, it is 

heated again at ~328 K for a couple of hours to evaporate the water and create a humid 

atmosphere inside of the cell. A list of the samples and sample cell used in our neutron 

scattering experiments is given in Appendix A. 

 

Figure 3.2. Sketch of the sample cell used for neutron scattering experiments. A water 

droplet (H2O or D2O) of known volume placed at the bottom of the cell, outside of the 

neutron scattering volume, controls the hydration level. The scattering vector Q lies in the 

plane of the copper foils. The incident neutron beam cross section has dimensions ~30 x 

30 mm2. Not drawn to scale. 

3.3 Elastic “Fixed-Window” Scans Measured on the 

HFBS 

In addition to the wetting behavior investigated with water contact angle measurements 

and environmental-SEM, both discussed in Sec. 2.2, the strength of the hydrophilicity of 

CuO nanostructures can be assessed by studying their effect on water’s freezing 

transition. Differential scanning calorimetry (DSC) is a convenient and frequently 
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employed technique used to investigate freezing and melting transitions of water 

confined in porous media (see, e.g., Ref. [126]). We have tried to apply the DSC 

technique to our system, but the specific surface area of a CuO-coated Cu foil (~0.6 m2/g) 

is extremely small. Our DSC samples contain an amount of water (few µg) that is two to 

three orders of magnitude less than the quantity typically used (few mg) in measurements 

with commercial DSC instruments. For this reason, we have been unable to perform 

reliable DSC scans to investigate the freezing/melting behavior of our samples. 

The size of the neutron beam of the HFBS (~3 × 3 cm2 cross-section) 

accommodates much larger samples than those used in DSC measurements. The large 

number (100) and diameter (5 cm) of the CuO-coated copper foils increase the total 

surface area of the CuO coating and therefore enhance the scattering from interfacial 

water. Due to the large incoherent cross section of hydrogen, neutrons are highly 

sensitive to the thin layer of interfacial water, and FWSs provide an attractive probe of 

the phase transitions of water. Specifically, a FWS is sensitive to water molecules which 

are immobile or move on a time scales slower than ~4 ns as determined by the energy 

resolution of the HFBS. As the sample temperature is lowered, an increase in the elastic 

intensity measured on HFBS provides a measure of the amount of water which becomes 

immobile or “frozen” on a nanosecond time scale. In contrast, DSC scans integrate 

molecular motions over a wider range of timescales. 

Figure 3.3 shows the FWSs of our three samples: CuO-coated Cu foils hydrated 

with 60 µl of H2O (termed “wet”); a similar sample with 10 µl of H2O (termed “dry”); 

and, for comparison, a sample of bare Cu foils with 60 µl of H2O. All three samples were 

cooled and heated at a slow temperature ramp rate of 0.08 K/min to establish quasi-
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equilibrium of the system, and each data point of Fig. 3.3 was integrated over a counting 

time of 5 minutes. Scans began above the freezing point of bulk water at 280 K, cooled to 

200 K, and then immediately heated back to 280 K over a time span of about 42 hours 

during which data were recorded. The elastic intensity was summed over all 16 detectors 

spanning a wave vector transfer (Q) range of 0.25 Å-1 < Q < 1.75 Å-1 and then normalized 

to the incident white-beam monitor located upstream of the sample position (see Fig. 

3.1).  

As shown in Fig. 3.3a, the elastic intensity of the wet CuO-coated sample 

gradually increased when slow cooled from 280 K to 200 K. On heating at the same rate 

from 200 K to 280 K, hysteresis was observed with the intensity gradually decreasing 

toward its initial value. A similar trend was observed in the dry sample, although with 

reduced hysteresis. The total change in the intensity between the highest and lowest 

temperatures is less than for the wet sample. We checked the reproducibility of the FWS 

in a second cooling cycle of the dry CuO-coated sample. A slight decrease in the slope of 

the high-temperature data was observed and attributed to an increase in the low-Q 

intensity (Q ≤ 0.36 Å-1). Due to time constraints, a second cooling scan on the wet CuO-

coated sample was not completed; however, data in the temperature range 250-280 K was 

in excellent agreement with the first scan.  

We have interpreted the gradual increase (decrease) in the elastic intensity as 

indicating a continuous freezing (melting) transition of the water in the samples. This 

freezing behavior differs that of water near the bare Cu surface where the abrupt changes 

in the intensity are observed on cooling at ~266 K and, on heating, at the bulk melting 

point of water, 273 K (Fig. 3.3c).  
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By recalling that the change in the elastic intensity in a temperature interval is 

proportional to the amount of water that immobilizes, we note that the factor of ~2 

difference in the intensity between the wet and dry CuO-coated samples over the 

temperature range 200-280 K does not reflect their 6:1 hydration ratio. Assuming that all 

of the initial water droplet is adsorbed onto the CuO-coated foils, there are several 

possible reasons for this discrepancy: (1) irreproducibility in the amount of residual water 

on the foils after annealing the samples [127], (2) variations in the CuO coating’s surface 

area and/or hydrophilicity, and (3) a difference in the position of the Doppler drive of the 

HFBS between elastic scans [123,128]. 

As seen in the elastic scans of the dry CuO-coated sample in Fig. 3.3b, we find 

that, on cooling, the elastic intensity obeys a linear temperature dependence from 280 K 

down to ~237 K. Similarly, the intensity of the wet CuO sample (Fig. 3.3a) has an initial 

linear temperature dependence with virtually the same slope as that of the dry sample. As 

will be discussed further below, this initial linear term occurring in the freezing of both 

the wet and dry samples suggests that they share a common population of water confined 

in a similar environment [129]. The initial freezing behavior of the wet sample, however, 

ends at ~258 K followed by an increase in the slope that extends down to ~237 K – the 

same temperature at which the linear dependence of the intensity of the dry sample ends. 

Based on these observations, we suggest that both linear terms contribute to the intensity 

of the wet sample in the temperature range 237-258 K. The presence of a steeper linear 

term in the elastic intensity scan of this sample provides evidence of a second water 

population occupying a distinct nanoscale environment. As this second population 

freezes more rapidly with temperature than the first, we suggest this water is located 
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either (1) further from the CuO surfaces or (2) in a less dense region of the nanostructures 

(e.g., further up on a CuO blade). The first possibility (1) is based on investigations of 

porous silicas where it is inferred bulk-like water freezes further from the pore walls atop 

a layer of bound water [68]. The latter possibility (2), however, seems more likely to be 

the case in the CuO system as it is supported by our in-situ condensation experiments 

from Sec. 2.2, which will be discussed further in Sec. 4.2.6.  
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Figure 3.3. Elastic scans measured on the HFBS vs. sample temperature of three samples: 

(a) CuO-coated Cu foils with 60 µl of H2O; (b) a similar sample with 10 µl of H2O; and 

(c) bare Cu with 60 µl of H2O. Intensity was summed over all 16 detectors covering a 

wave vector transfer (Q)-range of 0.25 Å-1 < Q < 1.75 Å-1 and normalized to the incident 

beam monitor (see Fig. 3.1). Cooling (blue and green) and heating (red) scans were 

performed at a slow temperature ramp rate of 0.8 K/min between 200 K and 280 K.  
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The continuous freezing behavior observed for water in proximity to the CuO-

coated surfaces differs from that which we have found for water near other interfaces. For 

example, the water associated with an anionic bilayer lipid membrane also exhibited a 

continuous freezing behavior, but its elastic scan on cooling began with a step-like 

feature, somewhat broader than we have found for our bare-Cu sample in Fig. 3.3c and 

whose magnitude increased with the water content of the sample (see Fig. 3 in Ref. 

[130]). This behavior suggested identifying it with the freezing of bulk-like water as was 

subsequently verified by measurement of its diffusivity [129]. Such a step-like feature is 

missing in the case of water near the CuO nanostructures, suggesting the absence of bulk-

like water. 

There are reports of continuous freezing of interfacial water in other porous 

materials. Using neutron elastic scans with 1 µeV resolution, Liu et al. [131] observed a 

gradual increase in elastic intensity from 300 K down to 150 K for water confined in 

mesoporous silica (MCM-41 and MCM-48) having pore diameters in the 14-22 Å range. 

In a more complex mesoscopic environment, Mamontov et al. [127] found qualitatively 

similar freezing behavior of water adsorbed in ultra-microporous carbon. As in our 

samples, they observed that the elastic intensity (intensity recorded over an energy 

transfer range of ±3.4 µeV around the elastic peak) increased linearly with temperature as 

the sample was cooled below room temperature at relatively low humidity (hydration) 

levels [127]. Unlike our samples, however, the slope of their initial linear term increased 

with water content, suggesting that a greater amount of water occupied a similar 

environment. At the highest relative humidity, the temperature dependence of the elastic 
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intensity was initially concave upward, perhaps indicating the freezing of bulk-like water 

within the larger pores.  

The elastic intensity measured in Fig. 3.3 includes contributions from both the H 

and Cu atoms of the sample; however, the signal is dominated by the incoherent 

scattering from the H atoms of the water in proximity to the CuO coating. Assuming that 

the contribution from the Cu atoms can be neglected, we can determine the Q-

dependence of the elastic intensity 𝐼(𝑄) in the cooling cycle by using a Debye-Waller 

model as in Eq. (3.4) [127-128], 

𝐼(𝑄) = 𝐼0(𝑄)𝑒−𝑄2〈𝑢2〉/3 (3.4) 

where 〈𝑢2〉 is the mean-squared displacement (MSD) of H atoms and 𝐼0(𝑄) is the 

measured elastic intensity at the lowest temperature of 200 K. 

Shown in Fig. 3.4 are the MSDs of the wet and dry samples on cooling from 280 

K to 200 K at 0.08 K/min. At 280 K, the MSD of the wet sample is at least a factor of 

two higher than that of the dry sample, and the value of 0.55 Å2 at 240 K is consistent 

with the ~0.6 Å2 measured independently by Kiwilsza et al. [97] for water in SBA-15 and 

by Zanotti et al. [80] for water in Vycor. The latter group interpreted the inflection in the 

MSD at 240 K as a phase transition from a high-density to a low-density liquid state. We 

consider this possibility in Sec. 4.2.6 for our Cu-coated samples. As shown in Fig. 3.4, 

the MSD of our wet sample decreases roughly linearly on cooling in two temperatures 

intervals: 280-258 K and, with a larger slope, in the range 258-237 K. At lower 

temperatures, the MSD levels-off, indicating the immobilization of the water molecules 

on a nanosecond time scale. 
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Figure 3.4. Mean-squared displacement (MSD, 〈𝑢2〉) plotted vs. temperature on cooling 

at a constant ramp rate of 0.08 K/min for the wet (blue) and dry (red) CuO-coated 

samples. Data were summed over the Q range 0.36-1.75 Å-1. Vertical dotted lines and 

arrows are drawn at inflection points in the data. Inset shows the MSDs over the low 

temperature range. 

To quantify the hydration level in our samples, we estimated the number of 

immobilized water molecules from the increase in elastic intensity on cooling from 280 K 

to 200 K. This number was determined by calibration against a standard sample of alkane 

(C32H66) films containing a known number of H atoms that freeze on a silicon substrate 

[129]. A correction was applied for the larger incoherent cross section of our 

predominantly copper substrates relative to silicon. Results show a total volume of ~80 µl 

and ~40 µl of water that becomes immobile between 280 K and 200 K for the wet and 

dry samples, respectively. For both samples, the calculated water volumes exceed those 

in the initial droplet, suggesting the presence of residual water after the samples were 

annealed. Evidence of strongly bound water has also been found on other oxide surfaces 
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at high temperatures [132]. Assuming the water wets to the CuO coating in the form of a 

thin film with a uniform thickness over both sides of a foil, we estimate an upper bound 

to the water film thickness of the wet and dry samples to be ~200 nm and ~100 nm, 

respectively. Although the uncertainty in these estimates is large, we believe it is 

reasonable to conclude that the water film thickness is less than the typical height of a 

CuO blade (~2 µm).  
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3.4 Neutron Diffraction 

Motivated by the results of our elastic FWS presented in the previous section, we 

performed a series of neutron diffraction measurements at the University of Missouri 

Research Reactor (MURR) on similarly fabricated samples to determine if the water near 

the CuO coating forms a crystalline or amorphous solid as a function of both temperature 

and hydration level. Samples were hydrated with D2O instead of H2O (to enhance 

coherent scattering) and were cooled from 300 K to 200 K at ~1 K/min. Diffraction scans 

were taken at fixed temperatures in 5 K-increments on cooling to 200 K. At each 

temperature, a diffraction scan was recorded over a counting time of approximately three 

to twelve hours, depending on the chosen scattering range. By these stepwise scans, we 

searched for Bragg peaks that could be indexed to crystalline ice and which could provide 

insight into the continuous freezing/melting of water discussed in the previous section. 

 We used the two-axis neutron powder diffractometer located at D-port at MURR 

(Fig. 3.5) with a monochromatic beam of λ = 1.485 Å neutrons and a detection system 

consisting of a vertical stack of five linear position-sensitive He3 detectors [135]. The 24-

inch active length of the 1-inch-diameter detectors subtends a scattering arc of 2θ ~ 20°. 

The detector bank is mounted on a moveable arm that covers a scattering range of 0-105° 

in a series of five adjustable arm positions. At each arm position, six million counts of the 

monitor (counting time of ~3 hours), located before the sample, allows normalization of 

the diffraction patterns. In most cases, a single arm position is used that spans the range 

19.45° < 2θ < 39.40° (equivalently, 1.43 Å-1 < Q < 2.85 Å-1 where 𝑄 = 4𝜋 sin(2𝜃/2) /𝜆) 

because the most intense Bragg peaks for bulk hexagonal or cubic ice can be found in this 
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range [136]. Full-range (complete) diffraction scans were also taken at least once during 

each cooling cycle to determine if other forms of ice are present or if structural changes 

are evident at higher scattering angles. 

 

Figure 3.5. Photo of the two-axis powder neutron diffractometer located at D-port at 

MURR with several major components labeled (e.g., oscillating radial collimator ORC). 

Courtesy of Z. N. Buck [137].  

 A complete room-temperature (~300 K) diffraction pattern of a non-hydrated (0 

µl of D2O) CuO-coated sample is shown in Fig. 3.6. Bragg peak positions, intensities, 

and widths were determined by Gaussian fits of the form, 

𝑦 = 𝑦0 +
𝐴

(𝑤√
𝜋
2)

exp [−
1

2
(

𝑥 − 𝑥𝑐

𝑤
)

2

] (3.5)
 

where 𝑦0 is a free parameter and 𝑥𝑐, 𝑤, and 𝐴 are the peak position, width, and intensity, 

respectively. The observed peak positions were then compared with the calculated 

positions (assuming a neutron wavelength of λ = 1.485 Å) for bulk copper (Cu), cuprous 

oxide (Cu2O), and cupric oxide (CuO) phases. From this analysis, we find good 

agreement between the calculated and observed peak positions as shown in Table 3.2.  
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Figure 3.6. Semi-log plot of the diffraction intensity for a CuO-coated sample at ~300 K, 

showing Gaussian fits (red curves fit to Eqn. (3.5)) for most of the Bragg peaks. 

Overlapping peaks are also shown with their approximate positions indicated by vertical 

lines and indexed as in Table 3.2. 

Cu Cu2O CuO 

hkl calc.a Q  obs. Q hkl calc.b Q obs. Q hkl calc.c Q obs. Q 

111 3.010 3.015 110 2.081 2.080(1) 110 2.285 2.281 

200 3.476 3.482 111 2.549 overlap 002 2.485 overlap 

220 4.916 4.925 220 4.162 buried? 111 2.706 2.700 

311 5.765 5.771 
330/

411 
6.244 6.205(1) 11-2 3.205 3.203(1) 

222 6.021 6.029 331 6.415 6.411(1) 20-2 3.367 3.380 

      202 3.977 3.970 

      11-3 4.175 4.176 

      310 4.475 4.463 

      113 4.560 4.558 

      311 4.822 overlap 

      12-3 5.248 5.249(2) 

      400 5.441 5.435 

Table 3.2. Calculated and observed Bragg peak positions of Cu, Cu2O, and CuO phases 

in the diffraction pattern of a non-hydrated CuO-coated sample in Fig. 3.6. The Bragg 

peaks are labeled by their Miller indices (hkl) and their positions are given by the wave 

vector transfer Q (in units of Å-1). a from Ref. [138]. b from Ref. [139]. c from Ref. [140]. 
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Based on the observed reflections in Fig. 3.6, the substrate consists of monoclinic 

CuO, cubic Cu2O, and fcc Cu in agreement with our SAED analysis (Fig. 2.7b). The 

weakness of the Cu2O and CuO peak intensities compared to those from Cu is consistent 

with the thickness of the oxide layers identified by electron microscopy in Fig. 2.7a 

compared to the that of the Cu substrate, which is about a factor of five thicker. In Fig. 

3.6, there is a broad feature near Q = 2.5 Å-1 that appears to be an overlap of two adjacent 

peaks, which, based on the reflections listed in Table 3.2, are most likely the CuO (002) 

and Cu2O (111) reflections. Similarly, the shoulder on the low-Q side of the Cu (220) 

peak is possibly the CuO (311) reflection. 

Due to the weak intensity expected for Bragg peaks from crystalline ice, we began 

our hydration-dependent measurements with samples of untreated and CuO-coated Cu 

foils containing 120 µl of D2O – twice the hydration level as the “wet” sample in our 

FWS in Fig. 3.3a. As shown in Fig. 3.7a, the pattern for the bare-Cu sample at ~240 K 

contains three prominent Bragg peaks that could be indexed to hexagonal D2O ice [136]. 

These peaks initially appeared on cooling at ~272 K or about 5 K below the freezing 

point of bulk D2O. The approximately 5 degrees of supercooling is consistent with the ~7 

degrees of supercooling observed in the FWS of the bare-Cu sample in Fig. 3.3. For the 

CuO-coated sample containing the same amount of water, no Bragg peaks were identified 

that could indicate the growth of crystalline ice (Fig. 3.7c). Moreover, the pattern is 

virtually identical to that of the sample containing no D2O (Fig. 3.7d) and remained 

unchanged down to 180 K. In particular, no new Bragg peaks appeared on cooling that 

could indicate other forms of crystalline ice (see Fig. C.1). The maximum uncertainty in 
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the temperature measurement is ~2 K, based on a temperature gradient between sensors 

at the top and bottom of the 2.6 cm tall sample cell (see Fig. A.2). 

 

Figure 3.7. Neutron diffraction scans at ~240 K vs. wave vector transfer Q for four 

samples: (a) untreated-Cu foils with 120 µl of D2O (black squares); (b) CuO-coated 

sample with 240 µl of D2O (red squares); (c) CuO-coated sample with 120 µl of D2O 

(blue up triangles); and (d) CuO-coated sample without added D2O (green down 

triangles). Vertical lines are drawn at Q values corresponding to three Bragg reflections 

calculated for bulk hexagonal D2O ice at 240 K [136]: (100), (002), and (101). Patterns 

are offset vertically for clarity. 

 We then dismounted the sample, heated it in air at ~328 K for 24 hours, and 

resealed it with 240 µl of D2O. A subsequent diffraction scan at 260 K (Fig. 3.7b) shows 

three Bragg peaks indicative of hexagonal ice similar to those observed in scans of the 

untreated-Cu sample (Fig. 3.7a). We interpret these results as indicating the growth of 

hexagonal ice at higher D2O coverage. No Bragg peaks that could be identified with 

cubic ice were present in repeated scans of the nanostructured samples. In this respect, 

our results differ from measurements on water confined to mesoporous silica where 
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evidence of cubic as well as hexagonal and disordered ice have been found [94,126]. The 

larger width of the peaks in Fig. 3.7b compared to those in Fig. 3.7a indicates a smaller 

crystallite size and/or larger mosaic structure than for the ice on the untreated-Cu sample 

– a feature that may be caused by the water film thickness being less than the height of 

the CuO nanostructures as discussed earlier. From the observed broadening of the D2O 

(100) peak below 260 K, the average domain size of the ice particles is estimated to be 

~30 nm based on a Scherrer analysis. A more detailed analysis of the ice peaks is 

presented in Appendix C. 

 It is well known that metal oxide surfaces exposed to humid air adsorb molecular 

water, which remains on the surface or dissociates into hydroxyl (–OH) groups [132]. 

The hydroxide reactions at the copper surface that take place during sample preparation 

(Eqs. (2.1a) and (2.1b)) are also likely sources of –OH. The H atoms in these surface 

components will scatter neutrons incoherently, producing an isotropic background in 

diffraction measurements. Consistent with this effect, we found that the background 

intensity of the CuO-coated samples was greater than that of the bare Cu samples by 

about a factor of two and slightly higher in the low-Q region (<0.5 Å-1) due to small-

angle scattering (see Fig. C.4). 

 The absence of Bragg peaks at lower D2O coverages could be explained by water 

initially solidifying into an amorphous or glassy structure which lacks long-range order. 

We suggest that the most favorable candidate for amorphous solid water would be the 

first water population identified in the elastic FWS of both the wet and dry CuO samples 

(Fig. 3.3a and 3.3b, respectively), whose intensity has the smaller slope on cooling. 

Because it is the first to immobilize, indicating the strongest interaction with the CuO 



69 

nanostructures, this population should be the most likely to form a distorted network of 

hydrogen bonds that is incompatible with crystalline ice. This interpretation is consistent 

with our ESEM images (e.g., Fig. 2.12), which show water to condense first near the base 

of the nanostructures where the density of the CuO blades is the highest. However, it is 

possible that the second water population identified in the FWS of the wet CuO sample 

might also freeze into an amorphous structure. Its higher level of hydration (60 µl of D2O 

added) is still less than that at which the Bragg peaks of hexagonal ice appeared (240 µl). 

More importantly, the hydration level of 60 µl is less than the hydration level of 120 µl at 

which no crystalline ice was observed. It is interesting to note that previous investigations 

[94,126] of water freezing in mesoporous silicas have presented evidence of disordered 

ice that forms in a layer adjacent to the pore walls in which the local hydrogen bonding of 

the water molecules is believed to differ from that of bulk ice. Similarly, Mamontov et al. 

[127] concluded that water adsorbed in partially filled pores of their ultra-microporous 

carbon samples did not crystallize on cooling, which they attributed to a disruption of its 

hydrogen bonding network. 

In Fig. 3.8a, we show diffraction patterns of the CuO-coated sample hydrated 

with 240 µl of D2O at a series of temperatures taken subsequently to the pattern in Fig. 

3.7b. As before, the Bragg peak positions are consistent with bulk hexagonal D2O ice 

[136]. In addition, we find that the intensity of the three Bragg peaks does not increase 

abruptly but rather gradually as the sample is cooled to 200 K. This behavior can be seen 

more clearly in Fig. 3.8b where we have plotted the integrated intensity of the D2O (100) 

peak vs. temperature. As indicated by the dashed line, the peak intensity increases 

linearly from a temperature at ~260 K at which ice peaks first appear down to ~230 K 
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where the intensity levels-off, indicating that all the bulk-like water has crystalized. From 

our Scherrer analysis, the width of the (100) peak is approximately constant over this 

temperature range from which we can conclude that ice growth on the CuO surfaces 

proceeds through nucleation of additional ice particles rather than by coalescence.  

 

Figure 3.8. (a) Diffraction scans of the CuO sample hydrated with 240 µl of D2O as a 

function of temperature taken every 5 K on cooling from 295 K to 200 K. Vertical dotted 

lines are drawn at the calculated positions of the first three most intense Bragg peaks 

associated with hexagonal ice at 265 K [136]. (b) Temperature dependence of the 

D2O(100) Bragg peak integrated intensity normalized to the peak at 260 K determined 

from a Gaussian fit to the peaks in (a). The dashed line is a least-squares fit to the data 

between 230 K and 260 K. Error bars represent one standard deviation in the uncertainty 

of the intensity. A vertical dotted line is drawn at the bulk melting point of D2O, 277 K. 



71 

The gradual increase in the amount of crystalline ice in Fig. 3.8b appears to be 

related to the continuous freezing observed in our FWS (Fig. 3.3); but, as these samples 

are hydrated to different levels and measured on different types of instruments, it is 

virtually impossible to compare the slopes of the linear terms directly. Still, this 

comparison would be interesting, recalling that an increase in the elastic intensity of the 

FWS is proportional to the amount of immobilized water – moving on a time scale >4 ns 

– whereas the Bragg intensity is proportional to the amount of crystallized water.  

A possible explanation for the gradual increase in the amount of ice with 

decreasing temperature in Fig. 3.8b is the conversion of non-crystalline ice (e.g., 

amorphous solid water or supercooled liquid) into small crystallites. This suggestion is 

based on studies of water confined within ~86 Å diameter cylindrical pores of templated 

silica (SBA-15) [94,134]. Results from NMR cryoporometry and temperature-dependent 

neutron and x-ray diffraction by Webber et al. [94] and Jelassi et al. [69] indicate the 

presence of three phases of water within the silica pores: hexagonal and cubic ice as well 

as a disordered ice phase. The latter exhibited dynamics analogous to plastic phases in 

organic materials, i.e., the molecules form a well-defined lattice structure but are 

rotationally disordered. Furthermore, the disordered ice converted to crystalline (cubic) 

ice on cooling. Further measurements are required to determine whether a similar 

reversible transformation to crystalline ice is occurring at high levels of hydration in our 

CuO-coated samples.  

As discussed earlier, the Bragg peak intensity in Fig. 3.8b increased as the 

temperature decreased due to an increase in the number of ice crystals forming near CuO 

nanostructures rather than by an increase in the grain size of already-nucleated ice. Thus, 



72 

in the CuO system, we hypothesize that increasing the hydration level from 120 µl to 240 

µl of D2O introduces bulk-like ice particles located further from the substrate where the 

density of the nanostructures is lower and where hexagonal ice crystals of about the same 

size can nucleate on cooling.   
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Chapter 4  

Dynamics of Interfacial Water Near 

Hydrophilic CuO-Nanostructured Surfaces 

As deduced from our elastic fixed-window scans presented in Sec. 3.3, the interfacial 

water near CuO nanostructures undergoes a continuous freezing transition that spans the 

temperature range 200-280 K. In Sec. 3.4, we showed that, while we had sufficient 

sensitivity, we did not observe Bragg peaks characteristic of crystalline ice in repeated 

neutron diffraction measurements on CuO-coated samples hydrated with up to 120 µl of 

D2O. On this basis, we concluded that the water in our CuO-coated samples freezes 

continuously into an amorphous solid. Nevertheless, it would be desirable to have 

positive evidence for amorphous solid water rather than only a null result from diffraction 

measurements. For this reason, we have conducted quasielastic (QENS) and inelastic 

neutron scattering (INS) measurements to determine how the dynamics (translational, 

rotational, and vibrational modes) of interfacial water differs from that of bulk water. 

Based on the vibrational dynamics presented in Sec. 4.1, we show that at a 

temperature of 5 K the collective vibrational modes (phonons) of the solid water are 

significantly reduced compared to those of bulk ice. In addition, we observe that the 

characteristically sharp edge of bulk ice’s librational band is broadened toward lower 

energy transfers, indicating that the H-bonds between water molecules have been 

weakened. These observations can be explained by the water-CuO surface interaction 
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being stronger than the water-water interaction, leading to a distorted hydrogen bonding 

network compared to bulk ice. 

The elastic scans presented in Chapter 3 have provided little information 

regarding the dynamics of the mobile water in the continuous freezing transition. 

Therefore, we investigated the diffusivity of the interfacial water on a 0.03-1 ns time 

scale in the temperature range 230-270 K using QENS as discussed below in Sec. 4.2.   

4.1 Inelastic Neutron Scattering from Water Near 

Hydrophilic CuO-Nanostructured Surfaces 

Inelastic neutron scattering allows investigation of the vibrational dynamics and 

molecular interactions of liquids and solids. The exceptionally large incoherent cross 

section of hydrogen makes neutrons highly sensitive to hydrogen nuclei in the thin layer 

of water located near the nanostructured CuO surfaces. Furthermore, the absence of 

selection rules gives neutrons an advantage in obtaining the complete vibrational density 

of states (VDOS) compared to optical methods such as Raman and infrared spectroscopy. 

Therefore, we collected vibrational spectra for our hydrated CuO samples, using the time-

of-flight spectrometer VISION at ORNL’s SNS [141]. 

VISION is an inverted-geometry crystal-analyzer spectrometer that is optimized 

to investigate molecular vibrations, chemical bonding, and intermolecular interactions 

with its high energy resolution (<1.5% ∆𝐸/𝐸 for 𝐸 >2 meV) and dynamic range of 5-600 

meV. We used the same CuO-coated samples hydrated with 60 µl and 10 µl of H2O as 

previously measured on the HFBS (see Sec. 3.2). In addition, two dried samples of bare 
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and CuO-coated copper as well as a bulk water sample were measured for comparison. 

All samples were first quenched in liquid nitrogen and then cooled to 5 K, the base 

temperature of the cryostat, in order to minimize thermal (Debye-Waller) effects. All 

spectra were reduced using standard tools at ORNL (see Appendix A for more details). 

Our aims were two-fold: (1) to investigate the vibrational dynamics of solid interfacial 

water near CuO nanostructures compared to bulk ice; and (2) to determine the type of 

water (crystalline vs. amorphous) at the CuO interface based on the observed vibrational 

dynamics. 

The sample of bulk water (H2O) consisted of 2.8 grams of deionized water sealed 

in a standard flat aluminum cell (0.5 mm thick). The vibrational spectra of bulk water are 

plotted in Fig. 4.1 over energy transfers of 0-150 meV and temperatures of 5-300 K. On 

cooling from 300 K, the initially broad band centered around 60 meV becomes narrower 

and develops some structure below 50 K, especially near the low-energy cutoff (edge) 

near ~67 meV. The sharpness of the edge of this broad band signifies a well-defined 

minimum energy required to excite the vibrations. At lower energies, several peaks 

emerge and become shaper as the sample is cooled down to the lowest temperature of 5 

K.  

The vibrational modes of bulk crystalline ice have been identified and analyzed 

previously [142-143]. A defining feature of the bulk ice vibrational spectrum is the 

characteristically sharp edge at ~67 meV on the low energy side of the librational band, 

which consists of localized, hindered rotational modes (wagging, twisting, and rocking) 

of the water molecule about its three principal axes (see insets in Fig. 4.1). These modes 

are highly sensitive to local distortions in the H-bonds between water molecules. Below 
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50 meV are collective vibrational modes, including the hindered translational (acoustic) 

mode at 7.1 meV followed by two optical modes (H-bond stretching) centered at 28.4 and 

37.9 meV, respectively.  

 

Figure 4.1. Inelastic neutron scattering (INS) spectra of bulk water at various 

temperatures at low energy-transfers (E < 150 meV). 

 Plotted in Fig. 4.2 are the vibrational spectra measured at 5 K for our three CuO 

samples hydrated with different amounts of H2O: 60 µl (wet), 10 µl (dry), and 0 µl 

(vacuum dried for 24 hrs.). The last sample (CuO + 0 µl) represents a dry state of the 

CuO surface prior to adding water to the sample cell. We also measured the vibrational 

spectrum for a bare-Cu sample without a CuO coating to help identify copper phonons. 

As shown in Fig. 4.2, there are a number of optical modes attributed to copper below ~45 

meV, which might obscure any peaks contributed by water.  



77 

 

Figure 4.2. Monitor-normalized vibrational spectra measured at 5 K in the low energy-

transfer range for our four samples: CuO-coated copper foils hydrated with 60 µl of 

added H2O (blue); a similar sample with 10 µl of H2O (purple); a similar sample without 

any added water (red); and, untreated copper foils without any added water (green). 

In order to compare the scattered spectral intensities observed for different 

samples, all spectra were normalized to the copper phonon peak centered around ~3 meV 

(see inset in Fig. 4.2). This peak was chosen because it lies in a minimum in the bulk 

water spectrum at 5 K and thus less likely to be affected by the different amount of water 

added to each sample. This normalization is especially important for our analysis of the 

librational band. The normalized spectra are plotted in Fig. 4.3.  
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Figure 4.3. Vibrational spectra reproduced from Fig. 4.2 and now normalized to the 

copper phonon centered around 3 meV. Also included is a reference spectrum for bulk 

water, previously measured at 5 K on VISION, whose intensity has been arbitrarily 

scaled to fit within the plot window. 

Comparing bare copper and nanostructured CuO (CuO + 0 µl) in Fig. 4.3, we see 

a significant increase in the scattered neutron intensity for energy transfers above ~40 

meV. The origin of this difference is explained by the presence of strongly adsorbed 

water molecules on the oxide surface that were not removed after preparation of the CuO 

nanostructured CuO. This explanation is consistent with the presence of adsorbed H2O 

identified in our neutron diffraction measurements by a significant increase in the 

background intensity compared to bare copper (see Fig. C.4). It is also consistent with 

the observed offset in the elastic intensity at 280 K measured on the HFBS between 

uncoated and CuO-coated copper (see Fig.3.3).  
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To evaluate the differences in the librational band between the spectra of 

interfacial and bulk water, we require removal of the contribution to the spectra from the 

substrate. For this reason, in Fig. 4.4, the spectrum of vacuum-dried CuO sample (CuO + 

0 µl) has been subtracted from the spectra of the wet and dry CuO-coated samples. The 

spectrum for bulk water is also plotted in Fig. 4.4 for comparison where its elastic 

intensity has been scaled to that of the wet CuO sample in the energy transfer range ±1 

meV. To check reproducibility, the spectrum of the wet sample (green) is also shown 

after it had been opened, vacuum dried at 100 °C for 24 hours, and sealed with another 60 

µl of H2O under helium atmosphere. After this rehydration, the overall intensity 

decreased by ~20-30% compared to its initial intensity, indicating less water in the 

scattering volume, but the positions and shapes of the peaks were unaffected.  

 

Figure 4.4. Difference spectra at 5 K of the wet (blue and green) and dry (purple) samples 

with the spectrum of the vacuum dried CuO sample (CuO + 0 µl) subtracted. Also shown 

is a reference spectrum for bulk ice at 5 K, which has been scaled such that its elastic 

intensity is equal to that of the wet CuO sample. 
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As shown in Fig. 4.4, the intensity and shapes of the peaks below 50 meV are 

different from those of bulk ice. In particular, the intensity of the acoustic mode at 7 meV 

is markedly reduced in the CuO samples, indicating a loss of long-range translational 

order. Also, the center of the acoustic mode shifts slightly upward from ~7.1 meV in bulk 

ice to ~7.5 meV and ~10 meV for the dry and wet CuO samples, respectively. We 

attribute the weakness of the acoustic modes to a strong interaction between adsorbed 

water and the CuO nanostructures as is believed to be the case for water tightly bound to 

CuO nanoparticles (15 nm diameter) [144]. Moreover, the shift in the optic band can be 

explained by so-called “riding modes” – correlated motion between the vibrations of the 

interfacial water and the optical modes of the underlying metal oxide surface [144].  

In addition to the intensity loss of the low-energy collective modes, Fig. 4.4 

shows a large intensity decrease of the librational band of the dry sample and a 

significant broadening of its leading edge. These features indicate that the hydrogen 

bonds between water molecules have been weakened due to the strong interaction with 

the CuO nanostructures [144-145]. The spectrum of the wet sample still shows some edge 

broadening; however, above ~67 meV, the spectrum has a shape similar to that of bulk 

crystalline ice. This indicates that, locally, the H-bonding of the added water is 

structurally similar to bulk crystalline ice. As for the broadening of the librational edge, 

we note that the local tetrahedral H-bonding in bulk ice becomes rather distorted in 

amorphous ice, which is manifested in a similar shift of the libration band to lower 

energy transfers [143-145]. Amorphous ice-like vibrational dynamics also aptly describes 

hydration water of DNA [146-147] and some living cells and tissues [148]. Thus, we 

conclude from these INS measurements that the interfacial water in proximity to the CuO 
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coating forms a short-ranged and distorted H-bonding network with features in the low-

temperature vibrational spectra that are similar to those of amorphous ice rather than bulk 

crystalline ice. 

Water Polyamorphism 

Water is polymorphic and exists in at least 18 different stable (and metastable) 

phases of crystalline ice [149]. In addition, water can also be prepared in one of three 

main polymorphs of amorphous ice: low-density (LDA), high-density (HDA), and very-

high-density (VHDA) amorphous ice. We concluded from the previous section that 

interfacial water near CuO nanostructures solidifies into an amorphous structure. 

Therefore, this section discusses the various ways that have been used to prepare samples 

of amorphous ice. It must be noted that the properties of these amorphous “states” like 

density or their radial distribution function often vary depending on sample preparation 

and experimental protocols. For more details on the low-temperature amorphous states of 

water, the reader is directed to several recent review articles and references cited therein 

[86,150-152].  

Burton and Oliver [153] were among the first to prepare amorphous solid water 

(ASW) by depositing water vapor on cryo-cooled (~80 K) substrates. Annealing ASW to 

~110 K removes micropores and creates a reproducible state of ASW [152]. In the 

1980’s, Brüggeller and Mayer [154] vitrified micron-sized droplets of water by 

quenching them in a liquid cryomedium (e.g., liquid ethane). A similar process of 

creating this so-called “hyper-quenched glassy water (HGW)” [86] or “vitreous ice” is 

now commonly used in electron microscopy. Creation of HGW relies on bypassing the 
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homogeneous nucleation of ice (~231-235 K at 1 bar [84,152]) by cooling at rates in 

excess of 106 K/s.  

High-density amorphous ice (HDA) is commonly prepared by applying pressure 

(> 0.8 GPa) to hexagonal ice at liquid nitrogen temperatures [155], which results in HDA 

that can be recovered by isothermal decompression to atmospheric pressure. Furthermore, 

one can convert the HDA to a low-density state (LDA) by heating above 115 K at 

atmospheric pressure where the LDA has a density of about 0.94 g/cm3 [152]. We note 

that recent work by Tulk et al. [156] challenges the current understanding of the 

transition from HDA to, and from, hexagonal ice. Very-high-density amorphous ice 

(VHDA) can be formed by isobaric heating of HDA (above 1 GPa) from 77 K to ~165 K 

[157]. Structurally, the polymorphs ASW and HGW are indistinguishable from LDA at 

the atomic level where all three have identical densities and contain four nearest 

neighbors in the first coordination shell [152,157]. By slow heating from cryogenic 

temperatures and at atmospheric pressure, all forms of amorphous ice crystallize at 

temperatures near 150 K [84], which marks the lower limit of “no man’s land” as 

discussed in Sec. 1.3.2. Table 4.1 summarizes the commonly prepared forms of 

amorphous ice and their densities. 

Amorphous ice Densitya [g/cm3] Ref. 

ASW 0.94 152 

HGW 0.94 152 

LDA 0.94 ± 0.02 151 

HDA 1.17 ± 0.02 151 

VHDA 1.25 ± 0.01 151 

Table 4.1. Various types of amorphous ice produced experimentally. aDensity measured 

at 77 K at atmospheric pressure (1 bar).  
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4.2 Quasielastic Neutron Scattering from Water Near 

Hydrophilic CuO-Nanostructured Surfaces 

In Chapter 3, we investigated the continuous liquid-solid phase transition and the 

possibility of amorphous solid water in proximity to superhydrophilic CuO nano-

structures. The inelastic neutron scattering measurements described in the previous 

section support the presence of amorphous solid water in our samples. They provided 

evidence of H-bonding distorted from that of bulk ice between water molecules that are 

strongly interacting with the CuO nanostructures. As yet, we have not discussed the 

motion of water molecules as they participate in the continuous freezing transition 

observed in our samples. Knowledge of the temperature dependence of the diffusive 

motion of water molecules could help interpret the elastic scans in Fig. 3.3. For example, 

it would be of interest to address the question of whether the two populations of water 

identified in analysis of the FWSs (see Sec. 3.3) are characterized by different diffusion 

rates as our group had found for single-supported bilayer lipid membranes [129,158]. 

From a technological perspective, the molecular level dynamics might ultimately provide 

insight into the appropriate boundary condition for a liquid slug moving over a CuO-

coated surface inside an OHP. Therefore, in this section, we discuss our investigation of 

the water dynamics near a CuO-coated surface using QENS measurements performed on 

two complementary backscattering spectrometers (see Sec. 3.1 for more details). The 

fixed-window scans in Sec. 3.3 provide insight into the appropriate temperatures to 

measure the QENS signal. Accordingly, these scans are reproduced in Fig. 4.5 to 

facilitate discussion. 
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Figure 4.5. FWS reproduced from Fig. 3.3 excluding the detector at Q = 0.25 Å-1 in order 

to reduce the coherent scattering from Cu the substrate. Data were collected on the HFBS 

and used to determine temperatures at which to collect QENS spectra on the HFBS and 

BaSiS. Vertical dashed lines indicate inflection points in the elastic neutron intensity. 

Regions with similar freezing behavior are highlighted with the same colors. 

 Recall that an increase in the elastic intensity as measured on the HFBS is 

proportional to the increase in the number of water molecules that move on a timescale 

longer than ~4 ns. As discussed in Sec. 3.3, we interpreted the initial linear temperature 

dependence (red data points in Fig. 4.5), common to both the wet and dry samples, as 

representing a population of water molecules strongly bound to the CuO nanostructures. 

The addition of 50 µl of H2O was interpreted as introducing a second population of water 

(green points in Fig. 4.5) likely located in a region of the CuO coating with a lower 

density of nanostructures (e.g., further up a CuO blade). These elastic scans suggested 

obtaining QENS spectra at 270 K where the two samples share a common freezing 

behavior, at 250 K where the water in the wet sample freezes more rapidly on cooling, 

and at 230 K where most of water has been immobilized. 
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4.2.1 QENS Measured on HFBS 

QENS spectra were measured at a temperature of 250 K on HFBS for a sample of 

CuO-coated copper foils hydrated with 60 µl H2O CuO immediately after collecting FWS 

(Fig. 4.5). The temperature of 250 K was chosen for a feasibility measurement because it 

lies roughly in the midpoint of the continuous freezing transition and thus likely to have 

appreciable quasielastic scattering within the dynamic range of the HFBS (±17 µeV). A 

QENS spectrum from this experiment is shown in Fig. 4.6 at a wave-vector transfer Q 

value of ~0.7 Å-1. We found that the spectra measured on the HFBS could be fit well by 

assuming a dynamic structure factor 𝑆(𝑄, 𝜔) consisting of a sum of two terms: an elastic 

component described by a delta function plus a single Lorentzian function, representing 

the quasielastic scattering. As we will show in the next section, due to the larger dynamic 

range of BaSiS compared to HFBS, the QENS spectra measured on BaSiS can be 

modeled by a similar scattering law with an addition Lorentzian term. 

𝑆(𝑄, 𝜔) = 𝐴(𝑄)𝛿(𝜔) + 𝐵(𝑄)ℒ𝑁(𝑄, 𝜔) + 𝐶(𝑄)ℒ𝐵(𝑄, 𝜔) (4.1) 

Here, 𝐴(𝑄), 𝐵(𝑄), and 𝐶(𝑄) are free parameters; 𝑄 = |𝒌𝑖 − 𝒌𝑓| is the neutron wave 

vector transfer; ℏ𝜔 = 𝐸𝑖 − 𝐸𝑓 is the energy transfer to the neutron on scattering; and, ℒ is 

a Lorentzian function given by Eq. (4.2) where 𝛤 is its half-width at half-maximum 

(HWHM). The subscripts 𝑁 and 𝐵 denote “narrow” and “broad,” respectively.  

ℒ(𝑄, 𝜔) =
1

𝜋

𝛤(𝑄)

[𝛤(𝑄)]2 + 𝜔2
(4.2) 
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The observed quasielastic intensities at each Q value were fit to the intensity 

function 𝐼(𝑄, 𝜔), which is obtained by convoluting Eq. (4.1) with the instrument 

resolution function 𝑅(𝑄, 𝜔), 

𝐼(𝑄, 𝜔) = 𝑆(𝑄, 𝜔) ⊗ 𝑅(𝑄, 𝜔) + 𝑉(𝑄,) (4.3) 

Here, 𝑉(𝑄, 𝜔) = 𝑎(𝑄)𝜔 + 𝑏(𝑄) is a linear background term. Data were fit using the 

Data Analysis and Visualization Environment (DAVE) software [159],  

 

Figure 4.6. QENS spectrum of the wet CuO sample at Q ~0.7 Å-1 measured on the HFBS 

after cooling to 250 K at 0.08 K/min. 

As indicated by the dashed curved in Fig. 4.6, there is a significant amount of 

elastic scattering compared to quasielastic scattering (green curve) at 250 K. Note that in 

the Q range of this experiment there should be no contribution to the elastic intensity 

from Bragg scattering from the copper substrate. Because the incoherent scattering in this 

experiment is dominated by the H atoms, the elastic component arises mainly from the 

presence of immobile water and possibly surface hydroxyls (-OH). 
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Unbounded Brownian-type diffusion of weakly interacting particles can be 

described by Fick’s law given by 𝛤(𝑄) = 𝐷𝑄2 where the factor 𝐷 is the translational 

diffusion coefficient [160], which has units of cm2/s. The dynamics of bulk water have 

been extensively studied by QENS (see Ref. 161 and references cited therein). These 

studies have found that Fick’s law only holds at low Q (< 1 Å-1) and 𝛤 tends to bend over 

at higher Q as shown in Fig. 4.7. Furthermore, at high Q, 𝛤 decreases as the temperature 

of water decreases below ~293 K. It has been shown that this behavior can be described 

by a random jump-diffusion model in which 𝛤(𝑄) is expressed as 

𝛤(𝑄) =
𝐷𝑄2

1 + 𝐷𝑄2𝜏0

(4.4) 

where 𝜏0 is a characteristic residence time. 
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Figure 4.7. HWHM 𝛤 of the quasielastic peak vs. Q2 for bulk water (H2O) as measured 

previously by Teixeira et al. [161] on the IN6 spectrometer at the Institut Laue Langevin 

at various temperatures. The energy resolution of the spectrometer (IN6) was ∆𝐸 = 100 

µeV at the time of the experiment. Reproduced from Ref. [161]. 

In Fig. 4.8, we have plotted 𝛤(𝑄) vs. Q2 for the water in our wet CuO sample (60 

ml H2O added) at a temperature of 250 K. Because it shows a behavior qualitatively 

similar to that of bulk water in Fig. 4.7, we fit 𝛤(𝑄) to the expression in Eq. (4.4) for the 

random jump-diffusion model. The best fit is shown by the dashed red curve in Fig. 4.8 

and yields a diffusion coefficient D and residence time of 0.18 ± 0.06 × 10-5 cm2/s and 
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86.9 ± 15.6 ps, respectively. A fit of the low-Q data (<0.5 Å-2) to Fick’s law yields D ~ 

0.11 ± 0.04 x10−5 cm2/s, which is a factor of about four slower than bulk supercooled 

water at 250 K [161]. We believe the Fick’s law estimate of D is more reliable as there is 

no reason to believe that a jump diffusion model should be applicable to the interfacial 

water in our CuO-coated samples. Despite the large uncertainty in D, we conclude that 

the diffusivity of the interfacial water at 250 K is significantly reduced compared to bulk 

supercooled water at a similar temperature. Unfortunately, no additional time was 

available on the HFBS to improve the statistics in Fig. 4.8 or to collect QENS at other 

temperatures in the continuous freezing region in Fig. 4.5.  

 

Figure 4.8. HWHM of the single Lorentzian function fit to QENS spectra of the wet CuO 

sample measured on the HFBS at 250 K. Solid line is a least-squares fit to the low-Q (<1 

Å-2) data, and the dashed curve is a fit of the data to a jump diffusion model [161]. 
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4.2.2 QENS Measured on BaSiS 

Following the preliminary QENS measurement on the HFBS presented in the 

previous section, we received eight days of beam time on BaSiS at ORNL to perform 

QENS measurements. Utilizing the larger dynamic range of BaSiS, the goal of these 

measurements was to investigate the diffusion of water near CuO nanostructures and to 

compare it with that of bulk supercooled water [161]. As discussed earlier, our elastic 

scans (Fig. 4.5) suggested obtaining QENS spectra at 270 K where our wet and dry 

samples share a common freezing behavior; at 250 K where water in the wet sample 

freezes more rapidly on cooling; and, at 230 K where most of the water has been 

immobilized. 

The samples measured on BaSiS are identical to those measured on HFBS: 100, 

5-cm diameter CuO-coated copper foils stacked and sealed in an aluminum can with 60 

µl (“wet”) and 10 µl (“dry”) of H2O under a helium atmosphere (see Appendix A for 

more details). Samples were cooled from ~300 K to 275 K at a temperature ramp rate of 

0.2 K/min that was reduced to 0.05 K/min until reaching 270 K. At this point, QENS 

spectra were measured for approximately 3 hours at 270 K and the process repeated at 

260 K, 250 K, 240 K, and 230 K, which span the continuous freezing transition in Fig. 

4.5. After measuring QENS at 230 K, the sample-specific resolution function 𝑅(𝑄, 𝜔) 

was recorded at 100 K where the diffusive motions of the H atoms in the water molecules 

are frozen out and only the elastic signal is measured.  
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All spectra were reduced using standard tools available at ORNL and fit using the 

software DAVE [159]. The detectors on BaSiS were normalized using a vanadium 

powder standard at ~6 K in a sample cell identical to those of our samples. Using DAVE, 

Eq. (4.3) was fit to all Q values simultaneously where the only constraint was to fix the 

centers of the delta and Lorentzian components. The other fitting parameters were 

adjusted and/or constrained before being finally relaxed in order to confirm the overall 

fits (red curve in Fig. 4.9), which represent the global minima in the Levenberg-

Marquardt least-squares fitting algorithm used in DAVE. Attempts to fit spectra with 

more than two Lorentzians gave either unphysical results or fits that depended on the 

initial set of parameters. The motions represented by the narrow Lorentzian are slower 

than those represented by the broad Lorentzian. 

 

Figure 4.9. QENS spectrum of the wet CuO-coated sample measured on BaSiS at Q = 1.1 

Å-1 after cooling to 260 K. The data points (open circles) were fit by folding the 

instrument resolution function with a scattering law consisting of three terms: elastic 

scattering described by a delta function (black dotted curve) and a broad Lorentzian 

(magenta curve) plus a narrow Lorentzian (blue curve) that describe the quasielastic 

scattering. The best fit to the spectrum (red curve) is obtained after adding a linear 

background term (dashed red line). 
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4.2.3 Comparing HFBS and BaSiS Elastic Intensities  

Because the HFBS and BaSiS have similar configurations and energy resolution 

(~1 µeV vs. ~3.5 µeV, respectively), it is desirable to check our sample reproducibility 

by comparing the temperature dependence of the elastic intensity measured on the two 

spectrometers. In Fig. 4.10, the HFBS elastic scans have been reproduced from Fig. 3.3 

for our two CuO samples along with the intensity 𝐴(𝑄) of the delta function component 

(black points) in the BaSiS spectra summed over the Q range of interest. To make this 

comparison, we treated the data in the following way. First, the elastic intensities were 

integrated over similar Q ranges (0.36 Å-1 < Q < 1.75 Å-1 for HFBS and 0.30 Å-1 < Q < 

1.70 Å-1 for BaSiS). Then, a scale factor was applied to the data of the wet sample such 

that its Q-integrated elastic intensity is equal to that of the dry sample at a temperature of 

270 K. This scaling accounts for an unequal amount of copper in the beam. The 

temperature of 270 K was selected because the samples contained different amounts of 

water, and at 270 K the amount of frozen/immobile that could contribute to the elastic 

intensity is small compared to that at 200 K. Finally, the HFBS elastic intensities were 

scaled by a multiplicative factor that accounts for differences in the throughput of the two 

spectrometers. 

With this normalization scheme, the relative change in the Q-integrated elastic 

intensities measured on the two spectrometers agree remarkably well in Fig. 4.10. 

However, further analysis is required to validate the use of this single scale factor to 

correct for difference in spectrometer configuration and background. The slight 

differences between the elastic intensities might be related to the coarser energy 

resolution of BaSiS (3.5 µeV) compared to HFBS (1 µeV) where quasielastic scattering 
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near the elastic line (e.g., between 1 and 3.5 µeV) on the HFBS would be resolution-

limited on BaSiS. Another source of error in this comparison could be related to the 

difference in measurement time. The QENS spectra were recorded over a time span of 2-

4 hours on BaSiS vs. several minutes on HFBS. Given the fewer temperature points 

measured on BaSiS, we cannot confirm the presence of two different freezing regimes in 

the wet sample as observed in the FWS measured on the HFBS (Fig. 3.3). Nevertheless, 

we conclude that the slope of the elastic intensity of the wet CuO sample is greater than 

that of the dry sample over the temperature range 230-260 K as measured on both 

spectrometers. 

 

Figure 4.10. (a) Elastic intensity vs. temperature measured on HFBS (blue and orange 

points) and BaSiS (red and green points) for the wet CuO (squares) and dry (circles) 

CuO-coated samples. (b) Integrated intensities of the quasielastic components (narrow 

plus broad Lorentzians) measured on BaSiS as a function of temperature. See text for 

details on scaling. The black lines within the data points are error bars that represent one 

standard deviation in the uncertainty in the measured intensity. 
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The temperature dependence of the quasielastic intensity of each sample is shown 

in Fig. 4.10b as a sum of the Q-integrated intensities of the narrow and broad Lorentzians 

measured on BaSiS. At all temperatures, the quasielastic intensity of the wet sample is 

greater than that of the dry sample by a factor of ~2.2 difference at 270 K that decreases 

to ~1.6 at 230 K. The gradual loss of quasielastic intensity combined with a gradual gain 

in elastic intensity over this temperature range indicates that the water is freezing 

continuously on a nanosecond timescale, consistent with our analysis of continuous 

freezing of water from our HFBS fixed-window scans. Moreover, the greater slope in the 

data of the wet sample indicates that continuous freezing occurs at a faster rate than the 

dry sample, similar to the greater slope of the second linear term in the HFBS scans.  

We note that there is a discrepancy between the relative change in elastic intensity 

vs. quasielastic intensity for the two samples in Fig. 4.10. Specifically, the elastic 

intensity of the wet (dry) sample increased by about 60 (25) arbitrary units whereas the 

quasielastic intensity decreased by about 30 (13) arb. units on cooling from 270 to 230 K. 

The origin of this factor of two difference between these intensity changes for both the 

wet and dry samples is currently unknown; however, the most likely cause is quasielastic 

scattering that was too broad to be measured within the dynamic range of BaSiS. As the 

sample is cooled, these modes freeze out and contribute to the larger (factor of two) 

increase of the elastic intensity. Support for this possibility is provided by the temperature 

dependence of the background term fitted to the QENS spectra, which is plotted in Fig. 

4.11. The gradual decrease in the background intensity, equal in magnitude for both 

samples, could indicate that quasielastic scattering is entering the dynamic range of 

BaSiS as the samples are cooled from 270 K to 230 K.  
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Figure 4.11. Intensity of the background term 𝑏(𝑄) in the linear background intensity 

𝑉(𝑄, 𝜔) = 𝑎(𝑄)𝜔 + 𝑏(𝑄) plotted versus Q for the wet (closed points) and dry (open 

points) samples at all temperatures measured on BaSiS. (Outlying data point at 250 K is 

at ~10-2 arb. units). Lines are drawn as guides to the eye. The arrow indicates that the 

background intensities of both samples decreased as the samples were cooled from 270 K 

to 230 K. 

4.2.4 Motions Occurring on Two Time Scales 

As noted above, the larger dynamic range of BaSiS compared to HFBS allowed 

us to resolve two distinct diffusive motions of the H atoms in water: “slow” and “fast” 

motions described by narrow and broad Lorentzians, respectively. A similar analysis of 

interfacial water near single-supported bilayer lipid membranes allowed us to identify the 

broad Lorentzian as representing the diffusion of bulk-like water that is different from 

water that interacts strongly with melittin peptides represented by a narrow Lorentzian 

[158]. For both CuO samples, the temperature dependence of the intensity of the narrow 

and broad Lorentzians is plotted individually in Fig. 4.12 in order to provide insight into 
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the continuous freezing transition of water near the CuO nanostructures. As with the 

intensities plotted in Fig. 4.10b, those in Fig. 4.12 have been summed over the Q range 

0.3-1.7 Å-1 similar to that of the HFBS. For all temperatures, we see that the intensity of 

the narrow component exceeds that of the broad component. Furthermore, as the water 

content of the sample increases, the intensities of both the narrow and broad components 

increase as well. That is, both samples contain more “slowly” rather than “rapidly” 

diffusing water, and the amount of water moving on each time scale increases as the 

hydration level of the sample increases.  

 

Figure 4.12. Temperature dependence of the intensity of the narrow and broad 

Lorentzians in the BaSiS spectra of the wet and dry CuO-coated samples integrated over 

the Q-range 0.3-1.7 Å-1. To account for the possibility of a different number of foils in 

the scattering volume of the two samples, the spectra of the wet sample have been scaled 

so that the intensity of the delta function summed over all Q at 270 K agrees with that of 

the dry sample (the delta function intensity is dominated by elastic scattering of the foils 

at 270 K). Error bars representing a statistical uncertainty of one standard deviation are 

smaller than the size of the data points.  
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4.2.5 The Broad Lorentzian 

To probe the type of motion (e.g., translational or localized/rotational) occurring 

on the two different timescales, we examined the Q dependence of the HWHM of the two 

Lorentzians. In Fig. 4.13, the HWHM of the broad Lorentzian is plotted vs. Q2 at several 

temperatures for the wet and dry samples (for clarity, the data at 240 K and 260 K are not 

shown). Also plotted are data for bulk supercooled water measured at 253 K from Ref. 

[161]. In the temperature range 240-270 K, the HWHM for both samples exhibit very 

little temperature dependence and follow the HWHM of bulk supercooled water at low Q. 

These features suggest that the water represented by the broad Lorentzian is similar to 

bulk supercooled water undergoing translational diffusion at 253 K [161]. The deviation 

of 𝛤𝐵 from that of bulk water at a lower Q seen for the dry sample compared to the wet 

sample (about 1 and 2 Å-2, respectively) may result from a smaller amount of bulk-like 

water in the dry sample (consistent with the weaker intensity of the broad Lorentzian in 

the dry sample in Fig. 4.12). The more distorted shape and lower intensity of the 

librational band of the dry sample seen in our vibrational spectra in Fig. 4.4 also support 

the dry sample containing less bulk-like water than the wet sample. 
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Figure 4.13. HWHM vs Q2 of the broad Lorentzian as measured on BaSiS at 270, 250, 

and 230 K. Data for bulk water are from Ref. [161]. Lines are drawn as guides to the eye. 

The similarity between 𝛤𝐵 of the wet and dry samples at low-Q with that of bulk 

supercooled water in Fig. 4.13 in the temperature range 240-270 K supports the presence 

of bulk-like water in both samples albeit there is less in the dry sample. Therefore, we 

infer that the freezing of bulk-like water is contributing to both linear terms (red and 

green data points) in the HFBS elastic scans in Fig. 4.5–a conclusion that could not have 

been reached from the elastic intensity scans alone. Presumably, this bulk-like water 
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represents water molecules undergoing translation diffusion in a location further from the 

CuO surface and which interacts relatively weakly with the nanostructures.  

Although the dynamics of the interfacial water in our samples represented by the 

broad Lorentzian appears similar to bulk supercooled water at a temperature of ~250 K 

(Fig. 4.13), we note that the elastic intensity scan (Fig. 4.5) shows no evidence of a 

discontinuity or an abrupt intensity change as was observed for water in proximity to 

bilayer lipid membranes [129,158]. Furthermore, the abrupt change in elastic intensity 

observed in the lipid system occurred at the same temperature at which Bragg peaks of 

hexagonal ice appeared [137]. In the CuO system, however, even with a sample 

containing 120 µl of D2O, i.e., twice the amount of H2O as the wet sample reported here, 

we have not observed Bragg peaks of crystalline ice in repeated scans (see Fig. 3.7 and 

related discussion). These results reinforce our use of the term “bulk-like” in referring to 

the presence of water with dynamics similar to that of bulk supercooled water. 

We also note that the HWHM of bulk supercooled water can differ slightly 

depending on the experimental conditions (e.g., instrument energy resolution and 

temperature). For example, the HWHM of the broad Lorentzian of the wet sample is 

plotted in Fig. 4.14 juxtaposed with the HWHM measured for bulk supercooled water at 

about the same temperature (260 K) by various other research groups: Di Cola et al. 

[162], J. Qvist et al. [163], J. Teixeira et al. [161], and F. Cavatorta et al. [164]. At high 

Q, the HWHM measured by the other investigators decreases monotonically as the 

temperature is reduced. Also, the data of our sample may be affected by the smaller 

dynamic range of BaSiS (±120 µeV) compared to the spectrometers used by the other 

investigators. 
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Figure 4.14. HWHM of Lorentzian functions fit to QENS spectra of supercooled bulk 

water at a temperature around 260 K by various research groups: Di Cola et al. [162] 

(purple right-arrows), Qvist et al. [163] (red circles), Teixeira et al. [161] (black squares), 

Cavatorta et al. [164] (green diamonds), and this work (blue triangles). 

As shown in Fig. 4.13, we see that a qualitative change in the Q-dependence of 𝛤𝐵 

occurs on reducing the temperature from 240 K to 230 K. The magnitude of 𝛤𝐵 increases 

and becomes nearly Q independent at 230 K, which is inconsistent with bulk supercooled 

water undergoing translational diffusion [161]. The magnitude of 𝛤𝐵 of the wet (dry) 

sample fluctuates around a value of ~46.3 (48.9) µeV as determined by a fit to a constant 

over the range Q > 0.7 Å-1, which corresponds to a relaxation rate occurring on the ~89 

(~85) ps time scale. We interpret the temperature dependence observed for 𝛤𝐵 as 

indicating that there are actually two types of diffusive motion occurring at a comparable 

rate that are unresolved and contributing to the broad Lorentzian at higher temperatures: 
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(1) translational diffusion of bulk-like water and (2) water molecules undergoing 

rotational diffusion that contributes a Q-independent component to the width of the 

quasielastic peak [160]. As the sample temperature decreases below 240 K, the 

translational diffusive motion of the bulk-like water freezes out so that by 230 K only the 

rotational motion contributes to the broad Lorentzian. 

The question remains as to the location of the rotational diffusive motion at 230 K 

observed in Fig. 4.13. As the rotational motion survives the freezing-out of bulk-like 

water below 240 K, it evidently is not strongly coupled to the translational motion of 

bulk-like water. To explore this possibility further, it is of interest to study the 

temperature dependence of the translational and rotational motions that contribute to the 

broad Lorentzian. Although we have been unable to decompose the broad Lorentzian into 

two separate components by introducing a third Lorentzian, we can probe the temperature 

dependence of broad Lorentzian more indirectly. We begin by noting that the intensity of 

quasielastic scattering from a water molecule rotating either about its center of mass or a 

symmetry axis will be a minimum at Q = 0 and increase monotonically in the Q range of 

our experiments. In contrast, the quasielastic intensity should be independent of Q for 

center-of-mass translations [80,160].  

Plotted in Fig. 4.15a is the intensity of the broad Lorentzian for both the wet and 

dry CuO samples which has been summed over two different Q ranges: low Q (0.3 Å-1 < 

Q < 0.9 Å-1) and high Q (1.1 Å-1 < Q < 1.7 Å-1). For the reason explained above, the sums 

over the low-Q and high-Q ranges will weight the broad Lorentzian intensity toward the 

translational and rotational diffusion components, respectively. Accordingly, in Fig. 

4.15a the intensity of the broad Lorentzian, summed over the high-Q range, decreases 



102 

more slowly than that over the low-Q range on cooling. This difference supports our 

interpretation that both bulk-like translation motion and rotational diffusion are 

contributing to the broad Lorentzian’s intensity. Moreover, we infer that the contribution 

to the broad Lorentzian intensity from water diffusing rotationally has a weaker 

temperature dependence than that of the water undergoing translational motion – a 

feature that is more pronounced in the dry sample. Because the dry sample has less bulk-

like water, we are led to the conclusion that the rotational diffusive motion that we are 

observing is more likely occurring in water that is in close proximity to the 

nanostructures. 
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Figure 4.15. Temperature dependence of the Q-weighted intensity of the (a) broad and (b) 

narrow Lorentzian components in the BaSiS spectra of both the wet and dry CuO-coated 

samples. The intensity of each Lorentzian has been summed over two different Q ranges: 

low Q (0.3-0.9 Å-1) and high Q (1.1-1.7 Å-1). As in Fig. 4.12, the Lorentzian intensities 

have been scaled to allow for a different number of foils in the scattering volume. 

As discussed in Sec. 1.3.2., a variety of other systems containing confined water 

have shown evidence of rotational diffusive motion at low temperatures. These studies 

include supercooled water in Vycor [80] (porous silica glass) and water at protein 

interfaces [165]. As in the case of our CuO-coated samples, no Bragg peaks indicative of 

crystallization was observed for a water (D2O) monolayer adsorbed on the pore walls of 
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Vycor [80]. The elastic scans by Zanotti et al. [80], with 1 µeV energy resolution, 

revealed both translational and rotational components that contribute to the mean-squared 

displacements as indicated by inflection points occurring at 240 K (translational) and 220 

K (localized rotational). These results appear consistent with our observation of freezing 

out of a “fast” translational motion between 240 K and 230 K prior to observation of the 

rotational motion. 

 The structure, freezing behavior, and dynamics of water confined to mesoporous 

silicas have been investigated in some detail [94,126,131,166]. Neutron diffraction 

measurements have provided evidence of water in a glassy state lining the pore walls in a 

layer three molecules thick at 240 K [126]. However, unlike the water in our samples, 

this state converts reversibly to a defective form of ice (hexagonal and cubic containing 

stacking faults) at lower temperatures. NMR relaxation studies below 260 K on ice in 

several different forms of silica have shown that the disordered ice can be characterized 

as having proton mobility intermediate between that of bulk water and crystalline ice. It 

is also evident that the motion of the disordered ice is predominantly rotational rather 

than translational [94,126]. The enhanced mobility over that in the crystalline ice phase 

was attributed to changes in the rotational freedom arising from the creation of a more 

hydrogen-bonded local environment. This disordered interfacial water was termed a 

“plastic crystal” [94,126] in analogy with other crystals that have well-defined lattice 

structures but have molecules that are orientationally disordered [167]. 
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4.2.6 The Narrow Lorentzian  

We next turn to the narrow Lorentzian component in the QENS spectra, which is 

contributed by water molecules undergoing diffusive motion an order of magnitude 

slower than those contributing to the broad Lorentzian. The HWHM of the narrow 

Lorentzian 𝛤𝑁 of the wet and dry samples is plotted in Fig. 4.16 as a function of Q2 at 

several temperatures. As was the case for the broad Lorentzian, the wet and dry samples 

yield similar results. For Q2 ≥ 1.5 Å-2, 𝛤𝑁 of both samples approaches a constant value 

above 240 K. This behavior is characteristic of jump diffusion models used to interpret 

the translational dynamics of bulk supercooled water [161]. However, besides the 

relatively small value of 𝛤𝑁, the results in Fig. 4.16 differ qualitatively from bulk 

supercooled water in two respects. First, for both samples, 𝛤𝑁 increases monotonically 

from ~3.5 to ~4.5 µeV rather than decrease on cooling from 270 K to 240 K [161]. 

Secondly, at the lowest temperature of 230 K, the magnitude of 𝛤𝑁 abruptly decreases at 

low Q and fails to saturate at high Q. These anomalies suggest that the narrow Lorentzian 

is contributed by water that interacts strongly with and hence closest to the CuO 

nanostructures.  
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Figure 4.16. HWHM of the narrow Lorentzian 𝛤𝑁 as a function of Q2 at selected 

temperatures as measured on BaSiS for (a) the wet (60 µl) and (b) dry (10 µl) CuO-

coated samples. Solid curves are guides to the eye. 

To determine the location of the slowly diffusing water represented by the narrow 

Lorentzian, we start by considering the temperature dependence of the narrow Lorentzian 

intensity of the dry sample since the broad Lorentzian intensity of the broad sample is 

weaker than that of the wet sample (see Fig. 4.12). We see in Fig. 4.12 that the intensity 

of the narrow Lorentzian has very little temperature dependence down to 240 K. This 
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feature is similar to that observed for highly confined water, for example, near the anionic 

head groups of bilayer lipid membranes [129]. Likewise, we propose that the narrow 

Lorentzian component of the dry sample arises due to more slowly diffusing water 

performing a bounded motion close to the nanostructures. From the similarity in the 

width of the narrow Lorentzian component in both the dry and wet samples (Fig. 4.16) as 

well as the common initial slope in their elastic scans (Fig. 4.5), we suggest that this 

interpretation also applies to the wet sample. 

In considering the type of diffusive motion (e.g., translational or rotational) 

represented by the narrow Lorentzian, we see in Fig. 4.16 that, like the broad Lorentzian, 

𝛤𝑁 generally increases with Q at low Q. The quality of these data, however, does not 

allow a determination of whether Fick’s law of translational diffusion is obeyed. Instead, 

as was the case for the broad Lorentzian, it is useful to compare the low-Q and high-Q 

behavior of the narrow Lorentzian intensity. In Fig. 4.15b, we see that, for both samples, 

there is essentially no difference between the temperature dependence of the narrow 

Lorentzian intensity at low and high Q. This behavior differs from that of the broad 

Lorentzian intensity (Fig. 4.15a) for which a large difference was explained by the 

presence of rotational diffusion. As discussed above, the intensity of the quasielastic 

scattering from a sample undergoing translational diffusion should be Q-independent 

[160]. Thus, the absence of Q dependence in the temperature dependence of the narrow 

Lorentzian intensity provides indirect evidence of a relatively slow diffusive motion that 

is translational in nature. 

As discussed in Sec. 3.4, the background levels in our neutron diffraction scans 

(see, e.g., Fig. C.4) and elastic scans (Fig. 4.5) as well as the strong elastic peak of the 
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QENS spectra (Figs. 4.6 and 4.9) and the vibrational spectra of a dehydrated CuO sample 

(Fig. 4.3) all provide evidence of immobile water that is present on the CuO surfaces 

after annealing a sample at a temperature of 328 K. In fact, this residual water is believed 

to be the reason why the amount of water in the scattering volume as determined by the 

FWS of the wet and dry samples differs by only a factor of two and, in both cases, exceed 

that in the initial droplet (60 µl and 10 µl, respectively). Such strongly bound water 

apparently seeds a hydrogen-bonded network that frustrates the crystallization of bulk 

ice, as indicated by the distorted vibrational spectra of our wet and dry samples in Fig. 

4.4 compared to that of bulk ice. Water in the process of forming this nascent hydrogen-

bonded network may undergo relatively slow translational diffusion represented by the 

narrow Lorentzian component in our QENS spectra. 

The question remains as to why there is a slope change in the elastic scan of the 

wet sample (green points in Fig. 4.5). As discussed previously in Sec. 3.3, we proposed 

that the larger slope represents freezing of a second population of water located further 

from the nanostructures than the strongly bound water represented by the initial slope in 

the elastic intensity scan (red points in Fig. 4.5). We can now use our QENS results to 

investigate this question further. As shown in Figs. 4.12 and 4.15, the intensity of the 

narrow Lorentzian component exceeds that of the broad Lorentzian in each sample. Also, 

the narrow Lorentzian intensity increases on going from the dry to the wet sample. 

Assuming that the water-CuO interaction is stronger than the water-water interaction, 

additional water should preferentially wet along the length of a CuO blade as shown by 

ESEM imaging (Fig. 2.11), rather than form a film of uniform thickness as considered 

previously [168]. Furthermore, if we assume that the contributions to the elastic intensity 
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of the wet sample from the two linear terms are additive and that both extend down to a 

temperature of ~237 K, the second term (green points) contributes about the same 

number of water molecules as the first term (red points). From QENS, we find that at 270 

K – the temperature at which the water dynamics lies within the dynamic range of BaSiS 

– the intensity of the narrow Lorentzian of the wet sample is about three times higher 

than that of the dry sample. On cooling to 230 K, the narrow Lorentzian intensity 

decreases by a factor of 2.5. By comparison, the intensity of the broad Lorentzian of the 

wet sample is only about 70% higher than that of the dry sample at 270 K. Therefore, we 

tentatively identify the water represented by the narrow Lorentzian as contributing to the 

second linear term in the elastic intensity on cooling of the wet sample.  

We can only speculate as to the origin of the small but reproducible increase in the 

magnitude of 𝛤𝑁 at large Q with decreasing temperature, indicating faster translational 

diffusion (Figs. 4.6a and 4.7b). As the hydrogen-bond network in the water closest to the 

nanostructures forms on cooling, the water density may decrease thereby allowing a 

slightly faster translational diffusion. The abrupt decrease in the magnitude of 𝛤𝑁 and the 

change in its Q-dependence on reducing the temperature from 240 K to 230 K, features 

present in both the wet and the dry samples, may possibly indicate a transition to a lower-

density glassy state characterized by a reduced rate of  translational diffusion over most 

of our Q range. We note that the abrupt change in the width of the narrow Lorentzian 

component in the QENS spectra occurs in the same temperature interval that the 

contribution to the broad Lorentzian attributed to the translational diffusion of bulk-like 

water disappears (see Fig. 4.13). The appearance of the rotational motion at 230 K in the 

broad Lorentzian component also coincides with the transition to the proposed low-
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density glassy phase. Further evidence of a phase transition comes from the elastic scans 

in Fig. 4.5 where both CuO-treated samples also show a small but reproducible upturn in 

intensity at ~237 K. 

A transition between a high-density (e.g., high-density liquid HDL) and a low-density 

hydrogen-bonded amorphous structure (e.g., low-density liquid LDL) has been proposed 

previously for confined water in a number of different porous materials at temperatures 

near 230 K: Vycor (~240 K) [80]; lysozyme (220 K) [165]; and mesoporous silica (~229 

K [166], 225-250 K [145]). In each case, the crystallization of water was suppressed by 

spatial confinement in small or narrow pores and enabled access into “no man’s land” of 

water’s P-T phase diagram (purple region in Fig. 4.17).  

Figure 4.17 shows the P-T phase diagram for the liquid and amorphous solid states of 

water at temperatures and pressures in the ranges 100-300 K and 0-0.3 GPa, respectively 

[169]. Starting from the bulk melting point 𝑇𝑀 of 273 K, liquid water can be supercooled 

down to the temperature of homogeneous nucleation 𝑇𝐻 of ~231 K. However, if one 

rapidly cools water at a rate in excess of 106 K/s [154], then it can be vitrified into low-

density amorphous ice (LDA). Upon heating LDA (or any other amorphous ice) above 

~150 K (𝑇𝑥), it crystallizes primarily into hexagonal ice. The temperatures 𝑇𝐻 and 𝑇𝑥 thus 

mark the upper and lower limits of “no man’s land,” respectively, in Fig. 4.17. Based on 

the computational work by Poole et al. [83], later corroborated by experiments [63,85], 

the existence of two liquid states (LDL and HDL) could explain the observed first-order 

transition between LDA and HDA and several other anomalies of supercooled water 

[82,84]. 
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Figure 4.17. Pressure-temperature phase diagram of water adapted from Ref. [169] that 

depicts a first-order phase transition between low-density (LDL) and high-density liquid 

(HDL) water. The liquid-liquid coexistence line (grey and blue curves) extends from “no 

man’s land” to below 100 K that separates amorphous ice phases LDA and HDA. 

Confirmation of such a liquid-liquid transition in water in proximity to CuO 

nanostructures will require further QENS measurements. The non-cylindrical pore 

topography associated with the CuO nanostructures, their exceptional hydrophilicity, and 

the freezing out of bulk-like supercooled water above the putative transition provide 

motivation for such studies.  
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Chapter 5  

Proposed Future Work  

In this Chapter, we propose a neutron imaging experiment to investigate the thermal 

performance of water-charged oscillating heat pipes (OHPs) as well as describe a 

conceptual design of a neutron imaging facility for construction at the University of 

Missouri Research Reactor (MURR). Specifically, in Sec. 5.1 we propose a neutron 

imaging experiment for two water-charged, copper flat-plate OHPs (FP-OHPs) with and 

without a nanostructured-CuO coating [56]. The aims of this experiment are twofold: (1) 

to compare the thermal performance between bare and CuO-coated OHPs as a function of 

heat input to the evaporator section; and (2) to measure the amplitude and frequency of 

water (“slug”) oscillations, which are believed to be greater in the CuO-coated FP-OHP 

compared to a bare OHP. The proposed measurements were contained in a user proposal 

submitted in October 2018 for neutron beam time to conduct an experiment at the CG-1D 

Neutron Imaging Facility [170] located at the High-Flux Isotope Reactor (HFIR) at Oak 

Ridge National Laboratory (ORNL). Although our proposal was accepted, the scheduled 

beam time was delayed due to unforeseen circumstances at the HFIR [171]. 

The conceptual design of a thermal neutron imaging facility at MURR is 

presented in Sec. 5.2 and contains descriptions and locations of critical components, 

including apertures, filters, gamma and neutron radiation shielding, sample mount, and 

neutron detector. Principal collaborators on the design of this imaging station are Drs. 

Kenneth Herwig and Hassina Bilheux of ORNL and Dr. Helmut Kaiser of MURR. 



113 

5.1 Time-Resolved Neutron Imaging of Liquid Water 

Dynamics in a CuO-Coated Copper FP-OHP 

5.1.1 Background 

OHPs offer a promising heat transfer device for a variety of applications, 

including the cooling of electronic devices [11]. An OHP (see, e.g., Fig. 1.3a) consists of 

a narrow channel meandering between a heat source (evaporator) and heat sink 

(condenser) that can be made of tubing with a small inner diameter (T-OHP) or fabricated 

from a flat-plate with a machined groove (FP-OHP). The OHP is sealed, evacuated, and 

partially backfilled with a working fluid such as water. The diameter of the channel is 

sufficiently small such that the fluid forms a chain of alternating liquid “slugs” and vapor 

“bubbles.” Heat addition and rejection at the evaporator and condenser, respectively, 

cause vapor pressure fluctuations within the channel and drive an oscillating motion of 

the slugs and bubbles thereby enabling both sensible and latent heat transfer. 

Previously, OHP thermal performance has been measured along with 

characterization of the fluid oscillations by high-speed photography. The latter requires 

all or part of the OHP to be constructed from optically transparent materials like glass or 

plastic [26], which have inherently low thermal conductivities. To overcome this 

limitation, neutron radiography has been used [16,172] to visualize liquid water flow 

inside copper OHPs because water (H2O) is relatively opaque to neutrons as compared to 

the copper container of the OHP. For example, Zhang et al. [16] demonstrated that the 
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thermal performance of a water-charged (50% volume fraction) copper FP-OHP is 

enhanced by the addition of a hydrophilic coating of cupric oxide (CuO) nanostructures 

on either the evaporator or condenser sections, as compared with an untreated FP-OHP. 

Moreover, they correlated the improved performance with the enhancement of thin-film 

evaporation (condensation) in the evaporator (condenser) coated with CuO 

nanostructures. 

 Wettability is believed to be a significant factor in OHP performance, as 

discussed in Secs. 1.2 and 1.3. For example, Hao et al. [23] used high-speed photography 

to measure the water slug movement within various copper FP-OHPs coated with CuO 

nanostructures whose wetting ranged from hydrophilic to hydrophobic. They determined 

that the hydrophilic surfaces promoted faster and larger amplitude slug oscillations and 

therefore better performance compared with untreated-copper and hydrophobic surfaces. 

Their results are consistent with the model developed by Ma et al. [173], which predicts 

the dependence of OHP thermal performance on the fluid oscillations. However, Hao et 

al. required a polycarbonate window to conduct their imaging experiments, which is 

expected to exhibit different wetting properties compared to copper or CuO surfaces. 

5.1.2 Thermal Performance Measurements 

Two copper FP-OHPs have been fabricated and assembled at the University of Missouri. 

Each OHP consists of two flat, rectangular (88 × 50 mm2) copper plates: a top cover 

plate (1 mm thick) and a bottom plate (2.5 mm thick), the latter having a rectangular 

groove (1 mm wide × 1.5 mm deep) machined into the surface that makes 12 parallel 

turns between the evaporator and condenser. For the CuO-coated FP-OHP, hydrophilic 
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CuO nanostructures (see Fig. 2.5) were grown on the FP-OHP channel surface by 

immersing the OHP into a hot (95 °C) alkaline bath for 10 minutes [56]. The device was 

then sealed with the copper cover plate using an indium O-ring. We have previously 

characterized the microscopic interaction between this CuO coating and its hydration 

water using incoherent neutron scattering, neutron diffraction, and electron microscopy 

techniques [168,174] as described in previous chapters. Our results show that the CuO 

coating provides a strongly hydrophilic interface which affects the wetting, freezing and 

melting behavior, dynamics, and structure of water near the nanostructures.  

 The thermal performance of an operating OHP can be characterized by the 

temperature difference between its evaporator and condenser sections. S. Stover has 

measured the thermal performance of both the untreated and CuO-coated copper FP-

OHPs [175]. In these tests, heat was input to the FP-OHP at the evaporator by cartridge 

heaters while the condenser was held to 20 °C by a separate heat exchanger. Five 

thermocouples were placed along the outside of the FP-OHP to monitor the device’s 

temperature: two each on the evaporator and condenser and one in the adiabatic section. 

Heat was applied incrementally by the cartridge heaters, from 0 W to 230 W, and the 

temperatures of all thermocouples were recorded continuously. Deionized water was used 

as the working fluid at a 65% filling ratio (65% full by weight). The average temperature 

difference between the evaporator and condenser is plotted in Fig. 5.1 versus heat input 

(in watts) at the evaporator. These results indicate that, above a heat input of 30 W the 

CuO-coated FP-OHP outperforms the untreated FP-OHP as indicated by the reduction in 

the temperature difference ∆𝑇 between the evaporator and condenser. 
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Figure 5.1. Average temperature difference ∆𝑇 between the evaporator and condenser 

sections of an FP-OHP (see Fig. 1.3a) as a function of heat input at the evaporator for 

untreated (red circles) and CuO-coated (black squares) FP-OHPs (see Fig. 1.3b). The FP-

OHP was vertically oriented with the evaporator directly below the condenser. Also, the 

condenser was held to a fixed temperature of 20 °C and the OHP was filled to 65% water 

by weight. Adapted from [175], courtesy of S. Stover. 

5.1.3 Neutron Imaging Measurements 

At the Neutron Imaging Facility CG-1D at ORNL’s HFIR [170], we measured the 

neutron beam attenuation by the FP-OHP as well as the image contrast produced by 

liquid H2O within its channels. In this test, the OHP and its supporting equipment were 

oriented perpendicular to the incident beam, and images were recorded by the CCD 

detector in a series of five-second exposures. A representative neutron radiograph is 

shown in Fig. 5.2. The liquid slugs in the channels near the bottom of the image can be 

distinguished from the copper OHP as shown by the line scan (grey-scale intensity vs. 

pixel position along the red dashed line) in Fig. 5.2. The amount of liquid water in the 
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OHP is unexpectedly lower than the 50% filling ratio intended for testing, which could 

have been caused by a leak during shipping. This issue will be addressed before 

additional measurements. 

 

Figure 5.2. Neutron radiograph of the evaporator section of a copper FP-OHP partially 

filled with water. The image was corrected for inhomogeneities in the neutron beam and 

detector by normalization against open beam and background images. The line scan 

below the neutron radiograph shows the grey-scale image intensity vs. position through a 

liquid slug (red dashed line) [176] demonstrates the image contrast between liquid (~40) 

and vapor/copper components (~80). 
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Based on preliminary thermal performance measurements [175] (Fig. 5.1), we 

hypothesize that the hydrophilic CuO coating from Ref. [56] facilitates larger amplitude 

and higher frequency oscillations of the water slugs as indicated by the drop in the 

temperature difference ∆𝑇 a heat input of 30 W. To characterize the amplitude and 

frequency of the water slug oscillations, we propose to obtain neutron videos in operando 

at a rate of 30 Hz for water-charged (65% H2O by weight) FP-OHPs both with and 

without a nanostructured-CuO coating. The proposed frame rate of 30 Hz has been shown 

to resolve the rapid water slug oscillations [16,172]. Neutron videos will be recorded as 

power (heat) is incrementally increased at the evaporator as in the preliminary work (Fig. 

5.1) [175]. Temperature data from the thermocouples placed along the OHP’s outer 

surface will be saved within the metadata of each image file to quantify the OHP thermal 

performance offline. Video analysis will proceed by first correcting for inhomogeneities 

in the neutron beam across the detector by normalizing individual images to open-beam 

and background intensities (see, e.g., Fig. 5.2) using standard reduction algorithms 

available at ORNL. In each video frame, a line scan of each channel of the OHP (pixel 

intensity vs. position) will allow discrimination of liquid slugs by their image contrast 

(see, e.g., line scan in Fig. 5.2). The evaporator and condenser will be identified in an 

image by the footprint of the heating and cooling blocks, respectively, and by the location 

of the thermocouples on the opposite face. In this way, the slug oscillations (amplitude 

and frequency) can be measured versus time and/or heat input. 
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5.2 Conceptual Design of a Thermal Neutron Imaging 

Facility at the MU Research Reactor 

The University of Missouri Research Reactor (MURR) hosts the most powerful 

university-based research reactor in the U.S. and currently operates at 10 MW for 6.5 

days/week, 52 weeks/year. Researchers at MURR are seeking to construct a first-of-its-

kind Center for Dynamic Imaging (CDI) with the aim of advancing agriculture and plant-

based sciences. At the heart of the CDI is a thermal neutron imaging facility at MURR 

that will enable state-of-the-art neutron imaging capabilities. Furthermore, the CDI will 

house and operate other in-situ imaging capabilities such as x-ray, gamma-ray, and planar 

PET (Positron Emission Tomography). Recently, MU was invited to submit a Mid-Scale 

Research Infrastructure-1 proposal to the NSF (National Science Foundation) in May 

2019 to support these initiatives. In this section, we introduce the concepts needed to 

design a neutron imaging facility and follow with a summary of the critical optical 

components of the MURR Neutron Imaging Station (NIS). 

 Construction of the NIS is driven by the need for multimodal and non-destructive 

characterization of complex dynamic processes involved in the uptake of water and 

nutrients of plant life. These processes span time and length scales of 101-106 seconds 

and 10-6-100 meters, respectively. Accordingly, the NIS should provide capabilities for 

high flux-on-sample, high-spatial-resolution, and large field-of-view imaging modes. 

Upon construction of the CDI, MU and MURR will be positioned to advance plant 

phenotyping and diagnostics into a quantitative science to address local, national, and 

global challenges in food security and nutrition. 
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5.2.1 MURR Design and Performance 

MURR is a medium-power, light-water cooled/moderated research reactor 

designed to support the research, education, and service mission of the University of 

Missouri. As a reliable resource, MURR supports many branches of research including 

neutron scattering [130,168,174,177-178], neutron activation analysis [179], radioisotope 

production [180-181], radiation therapy [182], archaeometry [183], and nuclear forensics 

[184] to cite a few applications. As illustrated in Fig. 5.3, the core consists of eight, 75 

cm-tall, highly enriched 235U fuel elements organized into a 30-cm diameter cylinder, 

which is submerged 10-m deep in a pool of deionized water [185-187]. Fission reactions 

within the core produce fission fragments, gamma rays, charged particles, and high-

energy (≥MeV) free neutrons [185]. A fraction of the neutrons lose energy by scattering 

from hydrogen towards thermal equilibrium with the moderator, i.e., “thermalize” 

(𝐸 ~ 𝑘𝐵𝑇 where 𝑘𝐵 is the Boltzmann constant and 𝑇 is temperature). Given the average 

moderator temperature of 136 °F (~331 K) at MURR, the peak brightness of neutrons 

exiting the surface of the moderator occurs at ~28.5 meV. While the energy spectrum of a 

thermal reactor is continuous, it is nonetheless convenient to categorize neutrons based 

on their mean energies, as given in Table 5.1.  

 Neutron Energy Wavelength [Å] Velocity [m/s] 

Cold/Slow <12 meV >2.61 <1513 

Thermal 12 – 100 meV 0.90 – 2.61 1513 – 4370 

Epithermal 100 meV – 1 eV 0.29 – 0.90 4370 – 13819 

Hot/Fast >1 eV <0.29 >13819 

Table 5.1. Exemplary neutron energy ranges with corresponding wavelength (λ ~ 

9.045/√𝐸(meV)) and velocity (v ~ 437√𝐸(meV)) conversions. 
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Figure 5.3. (left) Plan view of the MURR core (as of 1983) containing eight 235U fuel 

elements in a cylindrical arrangement, surrounded by neutron-reflector material 

consisting of beryllium (Be) and graphite wedges. Six ports (A-F) are used to extract 

neutrons from the core. Adapted from Refs. [186-187]. (right) Neutron brightness vs. 

wavelength at E-port before [188] and after removing filters currently in place. See 

Appendix D for details. 

At MURR, neutrons are extracted radially from the core in a series of six beam 

tubes, or ports (A-F), that extend from the Be reflector, through graphite wedges, to the 

exterior of the concrete frame (biological shielding). The power spectrum for E-port is 

shown in Fig. 5.3 in the current configuration with filters [188] and without filters. The 

average brightness without filters was calculated by scaling the current brightness of E-

port to that of the HB-2 beamline at the HFIR at ORNL [189], which has a comparable 

geometry. Fig. 5.4 shows a schematic of the beam-port floor (BPF) at MURR and the 

arrangement of end-stations. For the conceptual design of the NIS at E-port, the primary 

size constraints are 1) the maximum length set by the 20-m distance from E-port to the 

North wall and 2) the height of the vestibule (3.96 m). Weight restrictions are based 

primarily on the load capacity of the overhead crane (15 metric tons).   



122 

 

Figure 5.4. Plan view of the MURR beam-port floor (BPF) shown with the current suite 

of instruments. Courtesy of D. Nickolaus. 

5.2.2 Preliminary Calculations 

Optical components of the NIS are optimized to provide the maximum available 

neutron flux on a large field-of-view (FOV), suitable for imaging part of fully-grown 

plants. This is achieved by using the entire effective size of the neutron source (~15.2 cm 

diameter) shaped by the front-end of the cylindrical beam-tube. Like most neutron 

imaging facilities, the NIS is designed with a pinhole-camera-type geometry (Fig. 5.5), 

where the spatial resolution is largely defined by the diameter (𝐷) of the aperture placed 

at a distance 𝐿 from the detector; This is measured as the quantity L/D where a higher 

L/D means lower beam angular divergence and thus higher spatial resolution. In this 

regard, L/D should be maximized, but neutron intensity decreases proportionally to D2/L2, 

so one must compromise between high-flux and high-spatial-resolution.  
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Figure 5.5. (a) Schematic of a pinhole-camera geometry used to determine the optimal 

diameter (𝐷) and location (𝐿) of the aperture. A set of similar triangles is outlined in 

purple. The “effective source” models the diameter (𝑆𝐷) of the beam tube starting from 

the face of the Be reflector (see Fig. 5.3). (b) Geometric relationship between the region 

of full illumination (umbra) and a square field-of-view (FOV) typically used by neutron 

area detectors. 

Pinhole-camera geometry is illustrated in Fig. 5.5a and includes two sets of rays 

that define the outer boundaries of the penumbra (blue) and umbra (red). Every point 

within the umbra receives equal illumination by the source – a requirement for optimal 

neutron imaging. Fig. 5.5b shows the geometric relationship between the conical umbra 

and a square-FOV. Using the maximum source diameter (𝑆𝐷) of 15.2 cm and placing the 

aperture as close to the biological shielding as possible (𝐿0 = 334 cm), we can set up an 

equation to solve for the diameter of the umbra, 

2𝑟 = [
𝐿

𝐿0

(𝑆𝐷 − 𝐷) − 𝐷] (5.1) 

Note the conversion from umbra-diameter (2𝑟) to a square-FOV: 2𝑟 = √2 𝐹𝑂𝑉 (see Fig. 

5.5b). There is also a mutual relationship between 𝐿 and 𝐷, namely 𝐿/𝐷 = 𝑐 (constant); 

thus, by using 𝐿 as a free parameter, we can solve for the umbra’s diameter as shown 

graphically in Fig. 5.6. Generally, the size of the umbra increases with increasing L out to 

15 meters. Given the limited space around E-port, 𝐿 will be a maximum of 10 meters. 
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Figure 5.6. Diameter of the umbra of the neutron beam at the detector position vs. 

aperture-detector distance 𝐿 for selected L/D settings. 

A method to enlarge the FOV at small L/D (high-flux, low-resolution) is to place 

a second aperture with a fixed diameter upstream from the first aperture closer to the 

front of the beam tube. This concept was adapted from that of the future time-of-flight 

neutron imaging station VENUS at ORNL’s Spallation Neutron Source [190]. A 

reasonable location for this second fixed aperture is inside of the biological shielding, 215 

cm from the front of the beam tube. Positioning this aperture inside of the biological 

shielding also serves to reduce the number of unwanted neutrons that would otherwise 

exit the beam port and require additional beamline shielding. The shape of the aperture 

(tapered hole) is designed so that it does not obstruct neutrons that reach the detector for 

the other L/D settings selected by the downstream aperture system. Following the same 

procedure as for the first aperture, the diameter of the umbra at the detector plane is ~9.5 
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cm for a fixed L/D of 100. A summary of the proposed aperture sizes and the 

corresponding instrument performance is given in Table 5.2. The length of the proposed 

instrument, from the biological shielding to the end of the beam-stop, is ~12.1 m. The 

distance from the Be-reflector to the image/detector plane is 1334 cm. 

Aperture L/D D [cm] Umbra diameter [cm] FOV [cm] 

Fixed 100 11.23 9.51 6.72 

Variable 

200 5 25.50 18.03 

400 2.5 35.47 25.08 

800 1.25 40.46 28.61 

1600 0.625 42.95 30.37 

2000 0.5 43.45 30.72 

Table 5.2. Instrument settings and performance. See Fig. 5.5b for the conversion between 

umbra diameter and FOV. 

5.2.3 Instrument Layout 

In the previous section, we discussed reasonable sizes and locations of both 

apertures and the maximum length of the NIS at E-port. In addition, the experimental 

area at the exit of the flight tube should include a large (2 × 2 m2) floor space to 

accommodate fully grown, agriculturally relevant plants such as dent corn as dent corn 

(Zea mays var. indentata), sorghum, soybeans, and more. Furthermore, the space must 

allow for a platform of multiple detectors around the sample position for multimodal 

neutron, x-ray, gamma-ray, and planar-PET (Positron Emission Tomography) imaging.  

Since E-port directly faces the fuel elements of the core, multiple radiation filters 

and shields are added to reduce contamination from neutron and gamma radiation. Note 

that the selection of these materials for this conceptual design of the NIS precede detailed 

radiation transport calculations (e.g., Monte Carlo N-Particle (MCNP)) used to furnish 
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shielding type, thickness, and placement in the facility. We therefore based the following 

designs on those of other major neutron imaging facilities [190-193]. More detailed 

descriptions of commonly used filters and shields are provided in Sec. 5.2.4. 

The NIS component layout is shown schematically in Fig. 5.7 and Fig. 5.8. In the 

current configuration of E-port, a permanent cylindrical beam tube is mounted inside of 

the biological shielding where the first ~200 cm are practically inaccessible. The front-

end of the tube butts against the beryllium (Be) reflector and has a diameter of about 6 

inches (15.24 cm), which is the effective size of the neutron source.  

As discussed in the previous section, an aperture with a fixed diameter (11.23 cm) 

is placed as close as possible (215 cm) to the source in order to maximize neutron flux for 

experiments that require a high signal-to-noise ratio in a short period of time at the 

detector at the lowest spatial resolution setting. The aperture’s secondary role is to 

collimate and attenuate undesired radiation inside of the biological shielding. The tapered 

bore of the aperture is designed to pass only the neutron rays that produce homogeneous 

illumination of the detector. 

 To decrease the number of epithermal and fast neutrons in the beam, a 5-inch 

diameter/thick, single crystal of sapphire (Al2O3) will be mounted inside of a stainless-

steel tube, for example, and placed downstream coaxially to the fixed-aperture 262 cm 

from the front of the beam tube. As discussed further in Sec. 5.2.6, there is no significant 

increase in neutron flux if the sapphire were cooled to cryogenic temperatures. Therefore, 

it can be placed up against the fixed aperture inside of the biological shielding. During 

the engineering design phase of the NIS construction, additional calculations will be 

performed to estimate the temperature increase of the crystal while it is in the beam.  
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 After allowing for a ~30-cm thick primary shutter system, the resolution-defining 

aperture is placed as close to the biological shielding as possible, which is 334 cm from 

the front end of the beam tube. Given the wide range of time and length scales of 

experiments planned for the NIS, it is prudent to install an aperture-selecting system in 

which the aperture size 𝐷 can be quickly and easily changed based on the nature of the 

experiment (flux vs. resolution). The conceptual design of this system is simply a ~1-cm 

thick plate of neutron absorbing material (e.g., boron carbide or boral) with circular holes 

drilled-out. For each L/D setting, the corresponding hole of diameter D will be translated, 

or rotated, into the beam. 

 In addition to epithermal and fast neutrons, gamma radiation contaminates the 

neutron beam and can degrade the performance of detectors and other electronics 

downstream. Furthermore, gamma-rays with energies in the MeV range can be mistaken 

for neutron-capture events in some types of neutron detectors, leading to changes in 

image contrast or “fogging” [194]. Unlike neutrons, gamma radiation interacts with 

matter via electromagnetic forces and can therefore be attenuated by using high-Z 

materials such as lead or bismuth. In this case, we propose a 5-inch diameter/thick, single 

crystal of bismuth (Bi) (atomic number 83) whose front face is located 335 cm from the 

source. As will be discussed in Sec. 5.2.6, it is advantageous to cool bismuth to liquid-

nitrogen temperatures (~80 K). Therefore, the crystal will be housed in a cryostat 

connected to a liquid-nitrogen source in a manner similar to that used at the NIST facility 

[191]. 

 Immediately downstream from the Bi filter is another beam scraper designed to 

stop radiation that is not used for image formation. The form factor of the collimator is a 
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60-cm long cylinder where the circular face is normal to the neutron beam and placed 

~366 cm from the source. Tapered holes will be drilled through the collimator to pass 

neutrons that make up the umbra at the detector plane. The diameters of these holes will 

depend on the sizes of the apertures; upon selection of an aperture, the collimator barrel 

will rotate about the long axis to place the appropriately sized hole into the beam. 

 A long, cylindrical tube (flight tube) is added between the rotating collimator and 

the experimental area in order to minimize neutron intensity loss from air scattering. 

Accordingly, the tube will either be evacuated via mechanical pump or filled with a low 

neutron-attenuating gas like helium. In the current version of the NIS, there are three 

segments of the flight tube with the following dimensions: in order, 1) 3-ft long and 6-

inch inner-diameter (ID), 2) 9-ft long and 12-inch ID, and 3) 9-ft long and 18-inch ID. To 

attenuate the rays of the penumbra that fall outside of the detector’s sensitive area and the 

diameter of the beam stop, the inner walls of the tubes can be lined with a neutron 

absorbing material. Furthermore, slits (e.g., beam “scrapers” or “limiters”) can be added 

to help shape the beam that exits the flight tube. The end of the NIS is marked by a beam-

stop whose composition is to be determined. 
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Figure 5.8. Detailed layout of the existing instrument suite at MURR including the 

proposed NIS at E-port. Critical components have been identified and listed numerically. 
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5.2.4 Neutron and Gamma-Ray Filters and Shielding 

Radiation in the experimental area of the proposed NIS consists of a spectrum of neutrons 

and gamma-rays from the core as well as secondary photons and other particles emitted 

from neutron-capture events in materials placed in the beam. Experiments outside of the 

NIS can act as sources of background radiation. In this section, we discuss the materials 

used as filters to attenuate neutrons and gamma rays while letting thermal neutrons pass 

relatively freely. Also, this section includes common materials that are used as radiation 

shielding to prevent radiation from escaping to, and intruding from, outside of the NIS.  

Filters 

The transmitted neutron flux 𝑇 through any material is approximated by a simple 

expression [194] (Lambert-Beer law),  

𝑇

𝑇0
= exp(−𝑁𝜎𝑑) (5.2) 

where 𝑇0 is the incident neutron flux (cm-2s-1); 𝑁 is the number density of the material 

(e.g., atoms per cm-3); 𝜎 is the total microscopic cross-section measured in units of barns 

(10-24 cm2); and, 𝑑 is the thickness or penetration depth (cm). The guiding principle in 

choosing radiation filters is to control these parameters to pass only the desired radiation 

(e.g., thermal neutrons). 

The cross section 𝜎 does not represent the real size of a nucleus; rather, it is an 

effective size based on the probability of interaction with a neutron. The total 
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microscopic cross-section of a crystalline solid varies as a function of neutron wavelength 

(λ) and is given as a sum [195], 

𝜎(𝜆)𝑡𝑜𝑡𝑎𝑙 = 𝜎(𝜆)𝑎𝑏𝑠 + 𝜎(𝜆)𝑖𝑛𝑒𝑙 + 𝜎(𝜆)𝑒𝑙 (5.3) 

where 𝜎𝑎𝑏𝑠 is the absorption cross-section corresponding to neutron-capture events by the 

target nuclei; 𝜎𝑖𝑛𝑒𝑙 is the inelastic scattering cross-section related to neutron-target 

interactions in which the total kinetic energy changes. This interaction includes two parts: 

single- and multi-phonon scattering. The latter can be neglected for neutron energies 𝐸 ≪

𝑘𝐵𝜃𝐷, where 𝑘𝐵 is the Boltzmann constant and 𝜃𝐷 is the Debye temperature of the target 

material. (The Debye temperatures of several common filter materials from Ref. [194] are 

listed in Table 5.3). The last component, 𝜎𝑒𝑙, is the scattering cross-section related to 

elastic scattering in which the total kinetic energy of the neutron-target interaction is 

unchanged. The total scattering cross-sections of a few selected isotopes are shown in 

Fig. 5.9. 

Material Debye temperature 𝜃𝐷 [K] 

Beryllium (Be) 1100 

Graphite (C) 1050 

Sapphire (Al2O3) 1040 

Silicon (Si) 420 

Bismuth (Bi) 300 

Lead (Pb) 280 

Table 5.3. Empirical Debye temperatures of several crystalline materials. Adapted from 

Ref. [195]. 



133 

 

Figure 5.9. Total microscopic cross-sections of naturally occurring cadmium, 56Fe, 10B, 
1H, and 208Pb. Data were reproduced from the ENDF/B-VIII.0 database from Ref. [196]. 

A dashed vertical line is drawn at 25 meV, which corresponds to the typical kinetic 

energy of thermal (“room-temperature”) neutrons. 

Shielding 

The primary function of radiation shielding is to provide safe access for users around the 

NIS during experiments. In addition, shields need to minimize secondary radiation 

produced by components placed in the beam as well as background from experiments 

near the NIS, all of which affect dose levels and image quality at the detector. The choice 

of material(s) can vary between different facilities or institutions. One must consider a 

material’s attenuation, activation, and mechanical properties as well as cost, weight, and 

availability. Listed below are some information about several shielding materials 

commonly employed at neutron and accelerator research facilities. This list is, of course, 
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not exhaustive as the intention is to apply the following schemes and strategies to the 

design of the NIS. 

1. Boron and Cadmium 

Boron (specifically 10B) is a common material used to absorb thermal neutrons due to its 

exceptionally large absorption cross-section (𝜎𝑎𝑏𝑠(10B) ~3835 barns for 2200 m/s 

neutrons [196]) and low dose of secondary radiation. Reaction products from a neutron-

capture event consist of an alpha particle and a lithium-7 ion, the latter of which promptly 

decays and produces a relatively low-energy (0.48 MeV) gamma [197-198]. Pure boron 

is extremely difficult to produce in appreciable quantities due to its high reactivity and 

hardness [198]. Nevertheless, compounds like boron carbide (B4C), Boral (B4C clad in 

aluminum), and boron nitride (BN) are used across the nuclear, military, and aerospace 

industries. Notably, boron carbide, also known as “black diamond,” is an advanced 

ceramic material characterized by high melting point (2427 °C), corrosion resistance, and 

hardness (3770 kg/mm2 Vickers hardness) [199]. Given its high hardness, B4C (and 

therefore Boral) is difficult to cut and form into custom sizes/shapes and therefore tends 

to be expensive compared to some of the other options. 

Like boron-10, cadmium (Cd) has a very large neutron absorption cross-section 

(𝜎𝑎𝑏𝑠(Cd-nat.) ~2520 barns for 2200 m/s neutrons [95]), but the reaction byproducts 

include a shower of MeV gammas. Cadmium is a soft, malleable metal (density 8.65 

g/cm3) commonly used in the nuclear industry in shielding and control rods. Accordingly, 

it is available commercially in the form of wires, rods, ingots, and sheets (see, e.g., Ref. 

[200]). While cadmium demonstrates exceptional shielding performance in the thermal 
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neutron energy range, many institutions are restricting its use due to its health hazards 

(toxic and known carcinogen). 

2. Hydrogen 

The mass of a neutron (1.008664 u) is very close to that of a proton (1.007276 u). Thus, a 

significant fraction of the kinetic energy of an incident neutron can be transferred to the 

hydrogen nucleus, which is essentially a proton. The average energy loss 𝐸′ by a neutron, 

with an incident energy 𝐸, during an elastic collision with a nucleus of atomic weight 𝐴 is 

𝐸′ = 2𝐸𝐴/(𝐴 + 1)2 [201]. Using hydrogen (𝐴 = 1), a 1 MeV neutron loses about half of 

its energy after a single collision. After about 23 collisions, the neutron lies within the 

thermal range of neutron energies (see Table 5.1). Therefore, reactor moderators often 

consist of water, hydrogen, or deuterium (2H).  

Once high-energy neutrons have been thermalized by hydrogen, they can be scattered 

or absorbed by other compounds like those containing, for example, boron. In fact, a 

common strategy is to add boron to a compound with a high hydrogen content such as 

polyethylene (CH2)n (density ~0.92 g/cm3) [202]. Moreover, borated polyethylene is 

lightweight and can be machined with standard tools. Some other commonly used, H-

heavy compounds include wood, earth, and paraffin wax (CnH2n+2) where each present 

both advantages and disadvantages in terms of applicability and safety (see, e.g., Ref. 

[202]). For example, the 1H(n,𝛾)2H reaction produces highly penetrative (2.2 MeV) 

gammas [201-202], and wood and paraffin wax are both flammable if not treated 

properly. 
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3. Iron and Lead 

Despite the effectiveness of iron as a neutron attenuator/filter (see, e.g., Fig. 5.9), it 

should not be used in pure form as exposure to humid air leads to corrosion (rust) and 

therefore a high probability of lift-off (dust) contamination. Moreover, iron produces a 

number of troublesome secondary gammas, many of which in the 7.6 MeV range [203]. 

To remedy the corrosion problem, shielding is normally painted. Now, a commonly used 

method of protecting steel from corrosion is by using Macropoxy® (polyamide epoxy 

blend), which is typically used for marine applications. Another possibility is to use 

stainless steel (SS) (~7.8 g/cm3), which is safe, cheap, and widely available. Noteworthy 

is the nonmagnetic property of SS, which lends itself to experiments that are sensitive to 

magnetic fields. One must, however, take into account the long-lived 60Co source of 

radioactivity from neutron irradiated SS. 

 Lead is perhaps the most common shield used to attenuate gamma radiation due 

to its high atomic number (82) and density (11.3 g/cm3) [202]. Many reactor and 

accelerator facilities, including MURR, have a stock of lead bricks and blankets on hand 

to reinforce existing safeguards/shields or to use during scheduled outage and 

maintenance activities. The main drawback in using lead is of course its toxicity to 

humans, introduced via inhalation and ingestion, which can be mitigated by painting. 

Bismuth is considered a non-toxic substitute for lead in some gamma-shielding 

applications. 
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4. Concrete 

Concrete is by-far the most common type of shielding material at reactor and accelerator 

facilities because it is cheap, widely available, non-toxic, and has favorable nuclear 

properties. Furthermore, it can be poured in place or formed into shapes or blocks. A 

couple short but good reviews on the nuclear properties of several types of concrete are 

given in Refs. [192,202]. While the neutron attenuation factor of concrete is low 

compared to boron or water, it can be improved by adding small amounts of heavy 

minerals such as magnetite (Fe3O4), hematite (Fe2O3), limonite (FeOOH), serpentine 

(3MgO·2SiO2·2H2O), barite (BaSO4), or colemanite (Ca2B6O11·5H2O) to the matrix 

[192]. Some important non-mineral additives include steel, lead, and boron. Note that 

with any chemical modifications, the mechanical properties of the product need to be 

evaluated. 

In our conceptual design of the NIS, the wall and roof shielding consist of a 

mixture of steel-shot and paraffin wax, which is inserted into rectangular blocks whose 

dimensions are similar to those used at the NIST Neutron Imaging Facility (NIF) [191]. 

The special feature of these shielding blocks is that they can be bolted together into an 

interlocking solid structure in order to prevent direct line-of-sight or gaps through which 

neutrons or other radiation might escape to the BPF. For clarity, the shielding pieces are 

about 30% thicker than those used at the NIF, which probably overestimates the required 

thickness needed to reach minimum acceptable radiation levels. However, detailed 

radiation transport calculations will be required during the preliminary engineering 

design phase of the NIS construction to optimize the shielding configuration. 
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The area around the exit of the beam port is expected to exhibit relatively higher 

levels of radiation (neutrons and gamma-rays) largely due to scattering and secondary 

emissions from filter, collimation, and shielding materials. Therefore, thicker blocks of 

shielding will be placed in this area. To isolate this relatively high radiation area from the 

rest of the beam line, a very thick (2-ft) block will be placed in-line some 5-ft 

downstream of the port. This shield is especially important for the low-L/D settings 

where the penumbra is large. A circular hole will be cut into this block to accommodate 

the diameter of the flight-tube. Further downstream, the walls and rooves are presumably 

thinner, in this case 1-ft, and all sections are topped with 1-ft-thick rooves. From the port 

to the end of the flight-tube, the walls will be 6-ft tall beyond which the height increases 

to 8-ft around the sample/detector area. An extra 2-ft of ceiling clearance (total 10-ft) is 

designed over the sample position for experiments in which tall plants are vertically 

translated. The shielding pieces are shown schematically in Fig. 5.8 and listed with 

additional information in Table 5.4. 
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Walls Roofs 

Shield No. Dim. [ft3] Wt. [lbs.] Shield No. Dim. [ft3] Wt. [lbs.] 

a 4 4 × 6 × 1.5 40,032 f1 2 8.5 × 5 × 1 23,630† 

b 8 4 × 6 × 1 53,376 f2 2 3.5 × 5 × 1 9,730† 

c 2 3 × 8 × 1 13,344 g 2 8 × 4.5 × 1 20,016 

d 7 4 × 8 × 1 62,272* h 2 4 × 5.5 × 1 12,232 

e 1 2.5 × 6 × 2 8,340 m 1 3.5 × 5 × 1 4,865 

i 1 2 × 3 × 1 1,668 r 1 4 × 5 × 1 5,560 

j 1 4.5 × 2 × 1 2,502     

k 2 1.5 × 2 × 1 1,668     

l 2 5 × 2 × 1 5,560     

n 1 4 × 6 × 1 6,672     

p 2 3 × 5.5 × 1 9,174     

q 1 5 × 5.5 × 1 7,645     

Sub-total: 212,253    76,033 

Total estimated weight: 288,286 lbs. 

Total estimated cost: $1,009,001 

Table 5.4. Estimations of the radiation shielding’s dimensions, weight (using 278 lb./ft3), 

and cost (using $3.50/lb.). *Advised to subtract the weight of a 2 × 2 ft2 hole. †Advised to 

subtract the weight of a 3 × 1.5 ft2 hole.  
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5.2.5 CAD Drawings of the MURR-NIS 

The following CAD (computer-aided design) drawings of the MURR-NIS were designed 

in support of the NSF RI-1 proposal to help identify components and materials required 

during construction. In this regard, the exact choice, location, and dimensions of these 

materials are subject to change upon construction of the NIS. All sketches were made 

with SOLIDWORKS  (2018) software at ORNL. An overview of the NIS located at E-port 

is shown in Fig. 5.10 along with a top-view in Fig. 5.11, side-view in Fig. 5.12, and 

trimetric-view in Fig. 5.13. Details of the shielding modules identified in these sketches 

are listed in Table 5.4 in the previous section. 

 

Figure 5.10. 3D sketch of the NIS conceptual design at E-port at MURR. 
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5.2.6 McStas Neutron Ray-Tracing Computer Simulations 

Monte Carlo neutron ray-tracing simulations of the proposed beam line were carried out 

using the McStas 2.5 package. The goal of these simulations is to test the virtual beam 

line’s performance, including neutron flux, divergence and image size at the detector 

plane using the optical components proposed in Sec. 5.2.3 (see Fig. 5.7). The script used 

to simulate the L/D = 400 setting is given in Appendix D. 

In the first round of simulations, we used a simple source that is flat in neutron 

intensity vs. energy to determine the size and divergence of the beam transmitted through 

two apertures: a fixed aperture (𝐷0 = 11.23 cm) and a variable aperture (𝐷 = 2.5 cm for 

L/D = 400) placed 2.15 m and 3.34 m from the source, respectively. Two position-

sensitive detectors (PSD) were placed at the calculated detector and beam-stop planes 

located 13.34 m and 14.65 m from the source, respectively. To attenuate fast neutrons, 

we added a community-developed sapphire filter component, 2.62 m from the source. 

Unfortunately, a bismuth filter was not available in the current (2.5) McStas distribution; 

Therefore, we modelled the total scattering cross section of bismuth from a polynomial 

function developed by Freund [195] to experimental data of neutron attenuation 

coefficient 𝛴 vs. neutron wavelength (in nm), 

𝛴(𝜆) = 𝐴𝜆 + 𝐶 {1 − exp [− (
𝐵

𝜆2
+

𝐷

𝜆4
)]} (5.4) 

where A, B, C, and D are the fitted parameters used to model the transmission of bismuth. 

The total cross sections for sapphire and bismuth were reproduced from Refs. [195] and 

[204] in Fig. 5.14 and Fig. 5.15, respectively. The fit of Eq. (5.4) to bismuth is shown in 

Fig. 5.16. As discussed in Sec. 5.2.3 (also see Figs. 5.14 and 5.15), it is more 
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advantageous to cryogenically cool the bismuth filter compared to sapphire as this leads 

to a substantial increase in neutron flux, especially in the thermal neutron energy range. 

 

Figure 5.14. Total (calculated) neutron cross section of sapphire at temperatures of 296 K 

and 80 K vs. neutron energy. Reproduced from Ref. [195]. 

 

Figure 5.15. Experimental data for the total neutron cross section of bismuth at 

temperature of 100 K vs. neutron energy. Solid curves correspond to calculated total 

cross sections at 300 K and 80 K. Reproduced from Ref. [195]. 
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Figure 5.16. Semi-log plot of the attenuation coefficient 𝛴 of Bi at 100 K vs. neutron 

wavelength, derived by multiplying the total cross section (see Fig. 5.15 and Ref. [195]) 

by the number density 𝑁 for bismuth (2.82 barn-1m-1). The best fit to the data is shown by 

the red curve. 

A summary of these initial simulations is given in Fig. 5.17, which includes the 

total neutron count in the PSDs at the (a) detector and (b) beam-stop positions as well as 

neutron counts in (c) a wavelength-dependent intensity monitor and (d) an angular 

divergence monitor where the latter two are located at the detector position. In Fig. 5.17a, 

the umbra diameter measures about 36 cm, in agreement with the calculated ~35.5 cm 

diameter in Table 5.2. From Fig. 5.17b, the beam-stop must have a minimum diameter of 

60 cm to capture the size of the penumbra. Fast-neutron attenuation from the initially flat 

source is demonstrated in Fig. 5.17c, which also demonstrates the cost in neutron 

intensity for using filters. The total beam divergence 𝛼 follows as, 

𝛼 = atan (
𝐷

2𝐿
) (5.5) 

which for L/D = 400 is ~0.072° and equivalent to the simulated beam divergence in Fig. 

5.17d. A summary of these simulations for all L/D settings is given in Table 5.5. 
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Figure 5.17. Simulation results of the NIS for the L/D = 400 setting. 1 × 1 m2 PSDs 

recorded neutron intensity at the (a) detector and (b) beam-stop locations. A line scan 

through the beam cross section is shown in (a) with an umbra diameter of ~36 cm. (c) 

Wavelength-dependent intensity integrated over the 1 × 1 m2 detector: without sapphire 

and bismuth filters (black), with 5-inch-thick filters (red), and the ratio filter-to-no filter 

(blue) to demonstrate the penalty of using filters. (d) 1 × 1 mm2 beam-divergence 

monitor at the detector plane showing ~0.072° divergence. 

Aperture L/D 
Umbra 

[cm] 

Penumbra 

[cm] 

Hor. Div. 

[Deg.] 

Vert. Div. 

[Deg.] 
Intensity* 

Fixed 100 9 98 0.29 0.29 32% 

Variable 

200 26 72 0.14 0.14 4% 

400 36 62 0.072 0.072 1% 

800 40 56 0.036 0.036 0.3% 

1600 42 54 0.018 0.018 0.07% 

2000 43 52 0.014 0.014 0.04% 

Table 5.5. Results of neutron ray-tracing simulations. Approximate diameters of the 

umbra and penumbra precede the use of collimation (e.g., beam-scrapers). *Measured at 

the detector plane relative to the intensity at the fixed aperture.  
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Appendix A – Samples and Sample Cell 

Used for Neutron Scattering 

Sample 1 – 80 CuO-coated [20] copper foil disks, interlaid with 79 annular aluminum 

foil rings, and sealed with 120 µl of H2O under helium atmosphere. Prior to sealing, the 

foils were heated in air at 55-60 °C for about 13 hours to remove excess water from their 

surfaces. The sample was measured on the HFBS in May of 2015 during a proof-of-

principle study with cooling and heating scans shown in Fig. A.1. 

Sample 2 – 100 CuO-coated [56] copper foil disks sealed with 60 µl of H2O under 

helium atmosphere. Prior to sealing, the foils were heated in air at ~55 °C for about 3 

days to remove excess water from their surfaces. An aluminum spacer was used to ensure 

the foils were in the ~30-mm-tall neutron beam. Measured on the HFBS in September of 

2016 in collecting elastic scans (Figs. 3.3a, 3.4, 4.5, 4.10, B.2a) and quasielastic spectra 

(Figs. 4.6, 4.8).  

Sample 3 – 100 CuO-coated [56] copper foil disks sealed with 10 µl of H2O under 

helium atmosphere. Prior to sealing, the foils were heated in air at ~55 °C for about 3 

days to remove excess water from their surfaces. An aluminum spacer was used to ensure 

the foils were in the ~30-mm-tall neutron beam. Measured on the HFBS in September of 

2016 in collecting elastic scans (Figs. 3.3b, 3.4, 4.5, 4.10, B.2b).  
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Sample 4 – 100 bare (untreated) copper foil disks sealed with 60 µl of H2O under helium 

atmosphere. Measured on the HFBS in September of 2016 in collecting elastic scans 

(Figs. 3.3c, 4.5, B.2c). 

Sample 5 – 100 CuO-coated [56] copper foil disks sealed without any added D2O, i.e., 

“dry,” under helium atmosphere. Measured on the MURR PSD-diffractometer in 

collecting background diffraction patterns (Figs. 3.6, 3.7d, C.4) prior to hydrating with 

D2O.  

Sample 6 – 100 CuO-coated [56] copper foil disks (previously Sample 5) sealed with 120 

µl of D2O under helium atmosphere. Measured on the MURR PSD-diffractometer in 

collecting diffraction patterns as a function of temperature (Figs. 3.7c, C.1, C.4). Sample 

checked for leaks via leak detector at the MU Physics Machine Shop. 

Sample 7 – 100 CuO-coated [56] copper foil disks (previously Sample 6) sealed with 240 

µl of D2O under helium atmosphere. Measured on the MURR PSD-diffractometer in 

collecting diffraction patterns as a function of temperature (Figs. 3.7b, 3.8, C.2–C.8). 

Sample 8 – 100 bare copper foil disks sealed with 120 µl of D2O under helium 

atmosphere. Measured on the MURR PSD-diffractometer in collecting diffraction 

patterns as a function of temperature (Figs. 3.7a, C.4). 

Sample 9 – 100 CuO-coated [56] copper foil disks (1-cm-dia.) sealed with 6 µl of H2O 

under helium atmosphere. Measured on the cold-neutron chopper spectrometer (CNCS) 

at the ORNL Spallation Neutron Source in collecting quasielastic spectra at ~293 K.  

Sample 10 – 100 CuO-coated [56] copper foil disks (1-cm-dia.) sealed without any added 

H2O, i.e., “dry,” under helium atmosphere. Measured on the cold-neutron chopper 
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spectrometer (CNCS) at ORNL in collecting quasielastic spectra at room-temperature 

(~293 K).  

Sample 11 – 100 CuO-coated [56] copper foil disks sealed with 60 µl of H2O under 

helium atmosphere. Measured on BaSiS in collecting quasielastic spectra in the 

temperature range 230-270 K with a resolution scan at 100 K (Figs. 4.9–4.16) This 

sample was also measured on the VISION spectrometer at ORNL-SNS in May of 2018 in 

collecting vibrational spectra (Figs. 4.2–4.4).  

Sample 12 – 100 CuO-coated [56] copper foil disks sealed with 10 µl of H2O under 

helium atmosphere. Measured on BaSiS in collecting quasielastic spectra in the 

temperature range 230-270 K with a resolution scan at 100 K (Figs. 4.10–4.13, 4.15–

4.16). This sample was also measured on VISION in May of 2018 in collecting 

vibrational spectra (Figs. 4.2–4.4).  

Sample 13 – 100 bare copper foil disks sealed with 10 µl of H2O under helium 

atmosphere. Measured on BASIS in collecting quasielastic spectra at sample 

temperatures of 260 K and 270 K with a resolution scan at 100 K. This sample was also 

measured on VISION starting in May 2018 in collecting vibrational spectra at a 

temperature of 5 K.  

Sample 14 – 100 bare copper foil disks sealed without any added H2O under helium 

atmosphere. Measured on VISION in May of 2018 at a temperature of 5 K in collecting 

background vibrational spectra contributed by the copper foil substrates at a temperature 

of 5 K (Figs. 4.2, 4.3).  
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Sample 15 – Previously Sample 14 now oxidized (with assistance from Luke Daemen) to 

form CuO-coated [56] copper foil disks sealed without any added H2O under helium 

atmosphere. The sample was dried in a vacuum flange for 24 hours without applying 

heat. Measured on VISION in May of 2018 in collecting background vibrational spectra 

contributed by the CuO coating and copper foil substrates at a temperature of 5 K (Figs. 

4.2, 4.3).  

Sample 16 – Previously Sample 11 (wet CuO sample measured on BaSiS) now opened 

and dried in vacuum at ~100 °C for 24 hours to remove excess water. Measured on 

VISION in May of 2018 on heating from a sample temperature of 5 K to 50 K, 100 K, 

150 K, 200 K and then cooled to 150 K, 100 K, 50 K, and 5 K. Used to compare with 

Sample 15. 

Sample 17 – Previously Sample 16 now opened and hydrated with 60 µl of H2O. 

Measured on VISION in May of 2018 on heating from a sample temperature of 5 K (Fig. 

4.4) to 50 K, 100 K, 200 K, and 250 K and then cooled to 200 K, 150 K, 100 K, 50 K, 

and  5 K. Used to compare with Sample 11 in Fig. 4.4. 

Sample 18 – Previously Sample 15 now opened, dried in vacuum at ~200 °C (max. 

temperature of the vacuum-oven) for about 54 hours to remove excess and adsorbed 

water, based on the results from TG measurements. Measured on VISION in August of 

2018 at a sample temperature of 5 K to compare with Samples 15 and 16. 

Sample 19 – Previously Sample 18 now opened and hydrated with 60 µl of water (in air). 

After sealing, the sample was heated at 55 °C for ~18 hours to evaporate and redistribute 

water inside. Measured on VISION in August of 2018 at a sample temperature of 5 K. 
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Sample 20 – Previously Sample 19 opened and hydrated with an additional 60 µl of 

water (in air), totaling 120 µl of H2O. After sealing, the sample was heated at 55 °C for 

~19 hours to evaporate and redistribute water inside. Measured on VISION in August of 

2018 at a sample temperature of 5 K. 

Sample 21 – Previously Sample 20 opened and hydrated with an additional 60 µl of 

water (in air), totaling 180 µl of H2O. After sealing, the sample was heated at 55 °C for 

~4 hours to evaporate and redistribute water inside. Measured on VISION in August of 

2018 at a sample temperature of 5 K. 

Sample 22 – Previously Sample 21 opened and hydrated with an additional 60 µl of 

water (in air), totaling 240 µl of H2O. (Unknown heating time after sealing – performed 

by L. Daemen). Measured on VISION at a sample temperature of 5 K. 

Sample 

No. 

Surface 

Composition 

Hydration 

[µl] 

Time of 

Measurement 
Appears in Figure(s) 

1 CuO 120 May 2015 A.1 

2 CuO 60 September 2016 
3.3a, 3.4, 4.5, 4.6, 4.8, 

4.10, B.2a 

3 CuO 10 September 2016 3.3b, 3.4, 4.5, 4.10, B.2b 

4 Cu2O/Cu 60 September 2016 3.3c, 4.5, B.2c 

5 CuO 0 November 2016 3.5, 3.7d, C.4 

6 CuO 120 Nov.-Dec. 2016 3.7c, C.1, C.4 

7 CuO 240 Jan.-Feb. 2017 3.7b, 3.8, C.2–C.8 

8 Cu2O/Cu 120 July-Aug. 2017 3.7a, C.4 

9 CuO 6 September 2017 N/A 

10 CuO 0 September 2017 N/A 

11 CuO 60 Dec. ’17/May ‘18 4.2–4.4, 4.9–4.16 

12 CuO 10 Dec. ’17/May ‘18 
4.2–4.4, 4.10–4.13, 4.15, 

4.16 

13 Cu2O/Cu 10 Dec. ’17/May ‘18 N/A 

14 Cu2O/Cu 0 May 2018 4.2, 4.3 
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15 CuO 0 May 2018 4.2, 4.3 

16 CuO 0 May 2018 N/A 

17 CuO 60 May 2018 4.4 

18 CuO 0 August 2018 N/A 

19 CuO 60 August 2018 N/A 

20 CuO 120 August 2018 N/A 

21 CuO 180 August 2018 N/A 

22 CuO 240 August 2018 N/A 

Table A.1. List of samples, their composition, and the period in which they were used in 

neutron scattering experiments, between May of 2015 and August of 2018. The right-

most column shows where to find the data corresponding to each sample. 

 

Figure A.1. Temperature-dependent elastic neutron scattering scans of a CuO-coated 

sample with 120 µl of water added that hydrates 80 CuO-coated [20] copper foil disks 

(Sample #1) as measured on the HFBS at the NIST Center for Neutron Research in May 

2015. The elastic intensity was summed over all 16 detectors, which span a wave vector 

transfer (Q) range of 0.25-1.75 Å-1. The vertical dashed line is drawn at the bulk melting 

point of water (H2O) at 273 K. The inset shows an inflection in the elastic intensity of the 

2nd cooling scan that we interpret as a 2nd freezing transition at ~266.5 K of interfacial 

water which occurs after the initial freezing transition at ~270.5 K. 
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Sample Cell 

To enhance the scattering from the interfacial water on the surfaces of our copper 

foil samples, a large sample volume was desired. Samples 1-8 and 11-22 were loaded into 

cylindrical aluminum (6061-T6) cans, the main body of which is shown schematically in 

Fig. A.2, that was fabricated at the University of Missouri Physics Machine Shop. The 

total available inner volume is about 75 cm3, which is used to house a stack of 100 copper 

foil disks, each ~5 cm in diameter and about 12.7 µm thick. Bends and folds from 

handling the foils during sample preparation effectively increases the height of the 100-

stack, allowing the foils to fill the cell volume with a positive pressure applied by the lid. 

In some cases, a flexible aluminum spacer (not shown) is added to the cell in order to 

ensure the copper foils fill the neutron beam cross section. The cell is sealed with indium 

wire (Alfa Aesar, 99.99% purity) of diameter 0.06 inches (~1.5 mm). 
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Figure A.2. 3D schematic of the main body of the sample cell used for neutron scattering 

experiments: (top left) side view, (bottom left) bottom view, (top right) trimetric view, 

and (bottom right) photo of a sealed cell. The red dashed box represents a 30 × 30 mm2 

cross section of the neutron beam approximately equal to the beam size on the HFBS and 

BASIS that is incident on the thin (~508 µm) wall of the aluminum cell. All dimensions 

are in millimeters. 
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Appendix B – Estimating the Amount of 

Frozen and/or Immobile Water in HFBS 

Elastic Scans 

This appendix provides a rough estimate of the number of water molecules that 

contribute to the relative change in the intensity of elastically scattered neutrons from 

CuO-coated and bare-Cu foil samples hydrated with H2O as measured on the High-Flux 

Backscattering Spectrometer (HFBS) in September of 2016. These estimations are based 

on a calibration against an alkane standard sample, which contains a known number of H-

atoms that become immobile on the experimental time scale. A scale factor is defined to 

account for the difference in the incoherent scattering from the different substrates (Cu 

vs. Si). These details are given in the first section. In the second section, we estimate ~3.4 

mmol of water freezing on bare Cu foils. The equivalent thickness of the (theoretical) 

water layer is ~1,500 Å on both sides of the 100 Cu foils, assuming the bulk density of 

water and perfectly flat Cu surfaces. A similar treatment yields ~2,000 Å and ~1,000 Å 

water film thicknesses for the CuO samples hydrated with 60 µl and 10 µl of H2O, 

respectively.  
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B.1 Alkane Standard 

In principle, it is possible to quantify the number of H atoms in the HFBS 

scattering volume by calibration against a well-characterized standard under equivalent 

experimental conditions. Below, we summarize the experiment and analysis of an 

“alkane standard” sample whose elastic intensity was measured previously on the HFBS 

[167]. The sample was prepared by dip-coating 100 electronic-grade silicon wafers, each 

measuring 5 cm in diameter and 300-µm-thick (approx. 3.04 × 1024 Si atoms), in a 

solution consisting of C32H66 (herein designated as C32) nanoparticles suspended in 

heptane. After sealing in an aluminum sample can (see Fig. A.2) under argon 

atmosphere, the sample was heated above the bulk melting point of monoclinic C32 (341 

K) and then cooled to 318 K. Subsequent AFM measurements confirmed the C32 

molecules were oriented perpendicular to the Si surface, each molecule occupied an 

average area of 18.9 Å2, and together they formed mesa-like agglomerates.  

In Fig. B.1, we reproduced from Ref. [167] a plot of the elastic scattering 

intensity summed over all detectors vs. temperature as measured on the HFBS at NIST 

for a sample of 10 monolayers of C32 deposited on 100 Si wafers. The temperature-

dependent elastic intensity 𝐼(𝑇) is the sum of the scattering from all elements/isotopes of 

the sample (Si, H, O, C) and can be expressed as, 

𝐼(𝑇) = 𝐼0 ∑ 𝑁𝑖𝜎𝑖

𝑖

(B. 1) 

Here, 𝐼0 is a scalar quantity which is sensitive to instrument settings; and, 𝑁𝑖 and 𝜎𝑖 are 

the number and total scattering cross section of the 𝑖𝑡ℎ atom. The coherent (𝜎𝑐𝑜ℎ) and 
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incoherent (𝜎𝑖𝑛𝑐) scattering cross sections of the known elements of the alkane standard 

are given in Table B.1. From this table, it is reasonable to conclude that the total 

scattering is dominated by the incoherent scattering from hydrogen, which is at least four 

orders of magnitude higher than the incoherent scattering from the other elements. 

Therefore, Eq. (B.1) simplifies to, 

𝐼(𝑇) = 𝐼0 ∑ 𝑁𝐻𝜎𝑖𝑛𝑐(𝐻)

𝑖

(B. 2) 

Element 𝝈𝒄𝒐𝒉 [barn] 𝝈𝒊𝒏𝒄 [barn] 

H 1.7568 80.26 

C 5.551 0.001 

O 4.232 0.0008 

Si 2.163 0.004 

Table B.1. Coherent (𝜎𝑐𝑜ℎ) and incoherent scattering (𝜎𝑖𝑛𝑐) cross sections of the elements 

in the alkane standard sample from Ref. [95]. 

 

Figure B.1. Elastic scattering intensity summed over all 16 detectors vs. temperature as 

measured on the HFBS for a sample of 10 monolayers of C32 alkane material adsorbed 

onto 100 Si wafers (5 cm dia., 300 µm thick). Horizontal dashed lines are drawn at the 

measured intensities at the temperature extrema (353 K and 322 K). Adapted from Ref. 

[167]. 
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At a sample temperature above the bulk melting point (𝑇𝑚) of monoclinic C32 

(341 K), the alkane molecules are in a fluid phase and the H-atoms are considered 

mobile, i.e., they do not contribute to the elastic intensity. So, the elastic scattering is 

from the Si substrate plus some background. As shown in Fig. B.1, the monoclinic-to-

triclinic phase transition occurs at ~337 K on cooling below 𝑇𝑚, after which the intensity 

levels-off indicating all the H-atoms are fixed on a crystal lattice, i.e., they are considered 

immobile. By knowing the area per C32 and the total surface area of the silicon substrate 

(both sides of the 100 wafers), the calculation of number of H-atoms 𝑁𝐻 is 

straightforward. The temperature dependence of the elastic intensity 𝐼(𝑇) can therefore 

be summarized as follows, 

𝐼(𝑇) ∝ {
𝜎(Si) + 𝐵𝐺

𝜎(C32) + 𝜎(Si) + 𝐵𝐺
    

𝑇 > 341 𝐾

𝑇 < 337 𝐾
(B. 3) 

where 𝐵𝐺 is an environmental (instrument) background intensity. Assuming the BG is 

temperature-independent, the difference in the intensity between temperature extrema is 

that which is contributed by the immobilization of H-atoms in the alkane molecules, 

𝐼(∆𝑇) = 𝑁𝐻(C32)𝜎(C32). We are now positioned to define the empirical scale factor 𝛼, 

which is the fractional increase in elastic intensity between 353 K and 322 K: 

𝛼 ≡
𝐼(𝑇𝑚𝑖𝑛) − 𝐼(𝑇𝑚𝑎𝑥)

𝐼(𝑇𝑚𝑎𝑥)
=

𝐼(322 𝐾) − 𝐼(353 𝐾)

𝐼(353 𝐾)
(B. 4a) 

𝛼 ≅ 2.62 (B. 4b) 

This ratio 𝛼 corresponds to the immobilization of approximately 1.43 × 1021 hydrogen 

nuclei, assuming uniform coverage and phase purity of the C32 molecules. 
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B.2 Water-Film Thickness on Cu and CuO Surfaces 

We start with some preliminary calculations. Our sample consists of a stack of 

100 copper foil disks, each measuring 5 cm in diameter and 12.7 µm thick. The surface 

area of the 200 circular faces of these 100 disks is about 4,053 cm2. Using the bulk 

density of copper (8.96 g/cm3), the mass of this sample is 23.06 g, which is equal to 

~0.3629 moles of copper or ~2.185 x 1023 copper atoms. The total incoherent scattering 

cross section 𝛴(Cu) of the copper in this sample is obtained by scaling the incoherent 

scattering cross section of a single copper atom (0.55 barn) by the number of copper 

atoms 𝑁𝐶𝑢 in the 100 foils, 

𝛴(Cu) = 𝑁Cu ∗ 𝜎𝑖𝑛𝑐(Cu) (B. 5a) 

             = 2.185 × 1023 ∗ 0.55 barn (B. 5b) 

𝛴(Cu) ≅ 1.202 × 1023 barn (B. 5c) 

In ordered to calibrate our measurements against the alkane standard, we need to 

account for the difference in the incoherent scattering from the different substrates, 

Recall there are about 3.04 × 1024 Si atoms in the Si substrates, so we define the 

empirical scale factor 𝛾, which is the ratio of the total incoherent scattering of copper to 

silicon, 

𝛴(Si) = 3.04 × 1024 ∗ 0.004 barn = 1.22 × 1022 barn (𝐵. 6a) 

𝛾 ≡
𝛴(Cu)

𝛴(Si)
≅ 9.896 (B. 6b) 



161 

Figure B.2 shows the temperature-dependent elastic scans collected on cooling 

and heating at 0.08 K/min in the temperature range of ~200-280 K for our three samples: 

CuO with (a) 60 µl of added H2O, (b) 10 µl of H2O; and, (c) bare-Cu foils with 60 µl of 

H2O. The elastic intensity was summed over all 16 detectors, which span a wave vector 

transfer (Q) range of 0.25-1.75 Å-1, and then normalized to the incident beam monitor 

located just upstream of the sample position. The elastic intensities at the highest and 

lowest temperatures in the cooling scans of each sample are listed in Table B.2.  
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Figure B.2. Intensity of elastically scattered neutrons vs. temperature, summed over all 16 

detectors (all Q) and normalized to the incident beam monitor. Data are shown for three 

samples: CuO with (a) 60 µl of added H2O, (b) 10 µl of H2O; and, (c) bare-Cu foils with 

60 µl of H2O. Horizontal lines are drawn at the intensities at the highest (~280 K) and 

lowest temperatures (~200 K or 250 K) for each sample and summarized in Table B.2. 
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 CuO + 60 µl H2O CuO + 10 µl H2O Cu + 60 µl H2O 

𝑇𝑚𝑖𝑛 [K] 200.5 201.04 250.81 

𝐼(𝑇𝑚𝑖𝑛) 0.61794 0.65915 0.26643 

𝑇𝑚𝑎𝑥 [K] 279.92 280.85 280.38 

𝐼(𝑇𝑚𝑎𝑥) 0.46906 0.57939 0.15036 

∆𝐼 0.14888 0.07976 0.11607 

𝛽 0.31740 0.13766 0.77194 

ℎ [Å] 1,952 1,048 1,520 

Table B.2. Monitor-normalized elastic intensity (𝐼(𝑇)) measured at the minimum (𝑇𝑚𝑖𝑛) 

and maximum (𝑇𝑚𝑎𝑥) temperatures of the elastic scans shown in Fig. B.2. Their 

difference (∆𝐼) is used to calculate the empirical unitless scale factor 𝛽.  

Our analysis begins with the sample of untreated copper foils where we assume 

the elastic intensity 𝐼(𝑇) above the melting point of water 𝑇𝑚 (273 K for bulk H2O) is 

dominated by the scattering from the copper substrates plus some background. Likewise, 

the elastic intensity below 𝑇𝑚 is a sum of the scattering from copper, background, and the 

H-atoms in water molecules that are immobile or “frozen” on the experimental time scale 

(~4 ns),  

𝐼(𝑇) ∝ {
𝜎(Cu) + 𝐵𝐺

𝜎(H2O) + 𝜎(Cu) + 𝐵𝐺
     

𝑇 > 𝑇𝑚

𝑇 ≤ 𝑇𝑚

(B. 7) 

From the elastic intensities determined graphically in Fig. B.2c, we define the empirical 

parameter 𝛽, which is the fractional increase in elastic intensity between the highest and 

lowest temperatures (identical to the definition of 𝛼), 

𝛽 ≡
𝐼(𝑇𝑚𝑖𝑛) − 𝐼(𝑇𝑚𝑎𝑥)

𝐼(𝑇𝑚𝑎𝑥)
=

𝐴𝛴(H2O)

𝐴𝛴(Cu) + 𝐵𝐺
(B. 8) 

Here, the coefficient 𝐴 is a proportionality constant which is sensitive to data reduction 

and normalization methods. Moreover, the quantity 𝐴 is physically a factor which 
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converts neutron count to intensity. The ratio 𝛽/𝛼 tells us how many times bigger the 

fractional increase in intensity due to water freezing on the 100 Cu foils compares to the 

1.43 × 1021 H-atoms immobilized in the C32 molecules that are adsorbed on 100 Si 

wafers. In order to convert 𝛽 to its corresponding value for water freezing on Si, we need 

to multiply by 𝛾. That is, the number of H-atoms in the water freezing on a Cu substrate 

would be, 

𝛾𝛽

𝛼
∗ 1.43 × 1021 H atoms ≅ 4.11 × 1021 H atoms (B. 9) 

So, there are 4.11 × 1021 H atoms or 2.05 × 1021 water molecules freezing onto the 100 

untreated Cu foils. This number also corresponds to 3.41 × 10-3 moles, 6.14 × 10-2 

grams, or 6.14 × 10-2 cm3 of frozen water. Uniformly distributing the volume of water 

(6.14 × 10-2 cm3) over the total surface area of the 100 Cu foils (4.05 × 103 cm2) equates 

to an equivalent slab thickness ℎ𝐶𝑢+60 µ𝑙 of roughly 1,520 Å. 

 Since the CuO samples were measured under the same experimental conditions 

on the HFBS, to calculate their effective water slab thickness we do not consider the 

fractional in the elastic intensity between ~280 K and ~200 K. Rather, we use the 

increase in the elastic intensity scaled to the incident monitor, ∆𝐼 = 𝐼(200 𝐾) −

𝐼(280 𝐾). That is, 

ℎ𝐶𝑢𝑂+60 µ𝑙 = ℎ𝐶𝑢+60 µ𝑙 (
∆𝐼𝐶𝑢𝑂+60 µ𝑙

∆𝐼𝐶𝑢+60 µ𝑙
) = 1,952 Å (B. 10a) 

ℎ𝐶𝑢𝑂+10 µ𝑙 = ℎ𝐶𝑢+60 µ𝑙 (
∆𝐼𝐶𝑢𝑂+10 µ𝑙

∆𝐼𝐶𝑢+60 µ𝑙
) = 1,048 Å (B. 10b) 
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The above quantities are given in Table B.2 as well. The above slab thicknesses are 

applicable for perfectly flat and chemically homogeneous solid surfaces on which the 

wetting is considered ideal.  
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Appendix C – Neutron Diffraction Bragg 

Peak Analysis at the MU Research Reactor 

This Appendix supplements the analysis of diffraction patterns presented in Sec 3.4. All 

diffraction scans were recorded using the powder diffractometer at D-port at MURR, 

assuming a neutron wavelength of 1.485 Å. The detector system consists of a vertical 

stack of five linear position-sensitive detectors (PSDs) mounted on a movable arm that 

covers scattering angles in the range 0° < 2θ < 105°. In a single arm position, the 

detectors subtend a scattering arc of 2θ ~ 20°. In most cases, we set the detectors to count 

neutrons in the scattering range 19.45° < 2θ < 39.40° where the most intense Bragg peaks 

corresponding to hexagonal and cubic ice can be found [136]. 

C.1 Temperature Dependence of the Diffraction 

Patterns 

The neutron diffraction patterns for CuO-coated copper foils hydrated with 120 µl 

of D2O are shown in Fig. C.1. By inspection, the patterns do not contain Bragg peaks that 

could be indexed to crystalline ice. It was after adding a total of 240 µl of D2O to the 

sample cell that we observed three Bragg peaks develop on cooling from ~265 K to 200 

K that could be indexed to hexagonal ice.  
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Figure C.1. Diffraction patterns of the CuO-coated sample hydrated with 120 µl of D2O 

measured on cooling to 180 K. Inset shows the low-Q region where the most intense 

peaks of hexagonal and cubic ice would be located [136]. M136–M150 refer to scan 

numbers on the PSD. 

Several diffractions patterns for the CuO sample hydrated with 240 µl D2O are 

shown in Fig. C.2 for several temperatures on cooling from ~295 K to 200 K. Vertical 

lines are drawn at the calculated peak positions for the (100), (002), and (101) reflections 

of hexagonal D2O ice at 265 K [136]. The scatter in the data makes fitting the Bragg 

peaks to a Gaussian or Lorentzian function difficult. However, in most cases, the most 

intense (100) peak could be fit with a Gaussian function of the form, 

𝑦 = 𝑦0 +
𝐴

(𝑤√
𝜋
2)

exp [−2 (
𝑥 − 𝑥𝑐

𝑤
)

2

] (C. 1)
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where 𝑦0 is free parameter and 𝑥𝑐, 𝑤, and 𝐴 are the peak center, width, and integrated 

intensity, respectively. A representative fit to the data collected at ~200 K is shown in 

Fig. C.3. By comparing the observed and calculated positions of the D2O(100) peak, one 

notices that the observed peak is shifted to lower scattering angles (lower Q) than 

calculated. It turns out this observed peak shift is an instrument effect and details are 

provided in the next section. 

 

Figure C.2. Diffraction scans of the CuO-coated sample hydrated with 240 µl of D2O 

measured on cooling to 200 K. Inset shows the three Bragg peaks indexed to hexagonal 

ice. M166–M183 refer to scan numbers on the PSD. 

 As discussed in Sec. 3.4, the background intensity of the CuO-coated samples was 

greater than that of the bare-Cu samples. Furthermore, as shown in Fig. C.4, the 

magnitude of the background level was independent of hydration level.  
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Figure C.3. Example of a Gaussian line shape fit (Eq. (C.1)) to the (100) Bragg peak of 

D2O hexagonal ice [136]. Inset shows the results and goodness of the fit. 

 

Figure C.4. Background levels of several diffraction scans and beam-open background 

(B.O.B.)  
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C.2 Correction to Bragg Peak Position 

In the second cooling cycle of the high hydration (240 µl D2O) CuO sample, an 

anomalous shift in the Bragg peak positions of copper, CuO, and D2O was observed 

around 260 K. This angular shift is illustrated in Fig. C.5 where the position of the 

fiducial Cu(111) peak (in degrees) is plotted versus temperature. With some investigation 

we found the offset’s origin was mechanical, which was addressed and promptly fixed. 

 

Figure C.5. Cu(111) Bragg peak position vs. temperature that illustrates an instrumental 

shift around 260 K. The black line consists of calculated positions of the Cu(111) peak 

extrapolated from room temperature to 200 K (see text). The red line is a linear fit to the 

two low-temperature data points and the blue line is a fit to the high-temperature data 

where its slope has been fixed to that of the black line, following the bulk lattice 

contraction. 
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The following procedure was used to correct for the angular offset of the D2O peaks. 

First, the Cu(111) d-spacing was calculated using the lattice parameter at 293 K (𝑎0 = 

3.6148 Å). Then, using the linear thermal expansion coefficient of copper (𝛼 = 1.604E-5 

K-1, 𝜎 ~ 4.8E-7 [205]), the copper lattice parameter was recalculated for temperatures in 

the range 200-300 K: 

∆𝑎 = 𝑎0 ∗ 𝛼∆𝑇 (C. 2) 

The black line in Fig. C.5 shows the results of the re-calculated Cu(111) peak position. 

Next, the data above (blue) and below (red) the angular shift at ~260 K were fit to lines 

as shown in Fig. C.5 where the slope of the blue line was fixed to that of bulk copper. 

The difference between the red and blue lines is therefore equal to the correction term 

(2θ0) added to the data below the discontinuity (<260 K). Finally, the peak position of 

D2O(100) was determined for temperatures between 200 K and 300 K (see right-most 

column in Table C.1); The observed and corrected D2O(100) positions are also 

illustrated in Fig. C.6.  

Temp. 

[K] 

D2O (100) 

[°2θ] 

Blue line 

(Fig. C.5) 

Red line 

(Fig. C.5) 

Blue – 

Red [°2θ] 

Corrected 

[°2θ] 

Corrected 

(Q [Å-1]) 

260.00 21.733 41.719 41.533 0.186 21.919 1.609 

254.03 21.610 41.723 41.536 0.186 21.796 1.600 

249.15 21.509 41.726 41.540 0.187 21.696 1.593 

244.25 21.521 41.730 41.543 0.187 21.708 1.593 

239.37 21.529 41.733 41.546 0.187 21.716 1.594 

234.50 21.549 41.736 41.549 0.188 21.737 1.596 

229.63 21.574 41.740 41.552 0.188 21.762 1.597 

224.77 21.580 41.743 41.555 0.188 21.769 1.598 

215.03 21.618 41.750 41.561 0.189 21.807 1.601 

210.19 21.596 41.753 41.564 0.189 21.786 1.599 

205.27 21.630 41.757 41.567 0.190 21.820 1.602 

200.39 21.654 41.760 41.570 0.190 21.844 1.603 

Table C.1. D2O peak position corrected for instrument effects using Cu(111) fiducial. 
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Figure C.6. Observed (black points) and corrected (red points) positions of the D2O(100) 

peak as a function of temperature. Also shown are the reference data for bulk D2O 

calculated from Ref. [136]. 

Because diffraction patterns were recorded within a narrow Q range that excludes 

the Cu(111) peak, we performed an identical correction using the CuO(111) peak as a 

fiducial. As in Fig. C.5, the peak position of CuO(111) is plotted in Fig. C.7 vs. 

temperature where, again, a discontinuity is observed around 260 K. Data above and 

below the discontinuity were fit with lines and compared with calculated peak positions 

using the thermal expansion coefficient of 𝛼 = 5.1E-6 K-1 [206]. Results are summarized 

in Fig. C.8 and Table C.2 below. Clearly, the CuO(111) correction provides a better 

agreement between observed and calculated positions of the D2O(100) peak compared to 

the Cu(111) correction. The data presented in Sec. 3.4 are therefore corrected using the 

CuO(111) fiducial.  
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Figure C.7. CuO(111) Bragg peak position vs. temperature that illustrates a shift around 

260 K. The black line consists of calculated positions of the CuO(111) peak extrapolated 

from room temperature to 200 K (see text). The red line is a linear fit to the low-

temperature data points and the blue line is a fit to the high-temperature data where its 

slope has been fixed to that of the black line, following the bulk lattice contraction. 
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Figure C.8. Observed (black points) and corrected (red points) positions of the D2O(100) 

peak vs. temperature. Also shown are the reference data for bulk D2O [136]. 

Temp. 

[K] 

D2O (100) 

[°2θ] 

Blue line 

(Fig. C.7) 

Red line 

(Fig. C.7) 

Blue – Red 

[°2θ] 

Corrected 

[°2θ] 

Corrected 

(Q [Å-1]) 

254.03 21.610 37.311 36.993 0.318 21.928 1.609 

249.15 21.509 37.312 36.996 0.315 21.825 1.602 

244.25 21.521 37.313 37.000 0.313 21.834 1.603 

239.37 21.529 37.314 37.003 0.310 21.839 1.603 

234.50 21.549 37.315 37.007 0.308 21.857 1.604 

229.63 21.574 37.315 37.010 0.305 21.880 1.606 

224.77 21.580 37.316 37.014 0.303 21.883 1.606 

215.03 21.618 37.318 37.021 0.298 21.916 1.609 

210.19 21.596 37.319 37.024 0.295 21.892 1.607 

205.27 21.630 37.320 37.027 0.293 21.923 1.609 

200.39 21.654 37.031 37.031 0.290 21.945 1.611 

Table C.2. D2O peak position corrected for instrument effects using CuO(111) fiducial. 
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C.3 D2O Ice Particle Domain Size Calculation 

The following expression was used to estimate the average particle/domain size 𝐿 of the 

D2O ice, 

𝐿 =
𝐾𝜆

𝐵ℎ𝑘𝑙 cos
2𝜃
2

(C. 3) 

Here, 𝜆 is the neutron wavelength (1.485 Å), 2𝜃 is the scattering angle, 𝐾 is the Scherrer 

constant1 (0.9), and 𝐵ℎ𝑘𝑙 is the resolution-broadened full-width at half-maximum 

(FWHM) of the D2O(100) Bragg peak: 

𝐵ℎ𝑘𝑙 = √𝐵𝑜𝑏𝑠
2 − 𝐵𝑟𝑒𝑠

2 (C. 4) 

where 𝐵𝑜𝑏𝑠 is the observed FWHM of the D2O(100) peak and 𝐵𝑟𝑒𝑠 is the FWHM of the 

silicon powder standard (111) peak (~0.00469), both in radians. The procedure that was 

used to calculate the D2O domain size is as follows. 

1. Extract the FWHM of the D2O(100) peak from a Gaussian fit 

2. Convert the FWHM to the appropriate units 

3. Calculate 𝐵ℎ𝑘𝑙 as shown above in Eq. (C.4) 

4. Calculate 𝐿 as shown above in Eq. (C.3) 

The data used to calculate the domain size are provided below in Table C.3. The average 

domain size 𝐿 is 307.22 Å with a standard deviation of 57.93 Å. 

                                                 
1 A more detailed analysis of the domain size would include the following to estimate the Scherrer 

constant: how the peak width is defined, shape of the crystal, particle size distribution, and background 

subtraction. In this case, the value of 0.9 is reasonable as it commonly applies to many types of materials. 
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D2O (100) 

width 

(2θ deg) 

error 

D2O (100) 

width 

(θ deg) 

D2O (100) 

width (rad.) 

𝐵ℎ𝑘𝑙 

(rad.) 

𝐿 

(Å) 

8.205E-01 2.904E-02 0.410 7.160E-03 5.410E-03 251.56 

7.532E-01 5.647E-02 0.377 6.573E-03 4.605E-03 295.44 

6.307E-01 4.520E-02 0.315 5.504E-03 2.881E-03 472.26 

7.348E-01 5.448E-02 0.367 6.413E-03 4.373E-03 311.07 

7.223E-01 7.401E-02 0.361 6.303E-03 4.212E-03 323.03 

7.259E-01 4.399E-02 0.363 6.334E-03 4.258E-03 319.54 

9.024E-01 5.605E-02 0.451 7.874E-03 6.325E-03 215.09 

7.624E-01 5.294E-02 0.381 6.653E-03 4.719E-03 288.34 

7.292E-01 3.460E-02 0.365 6.364E-03 4.301E-03 316.33 

7.412E-01 4.367E-02 0.371 6.469E-03 4.455E-03 305.42 

7.643E-01 4.170E-02 0.382 6.670E-03 4.742E-03 286.93 

7.457E-01 3.545E-02 0.373 6.508E-03 4.511E-03 301.62 

Table C.3. Width of the D2O(100) peak, measured in degrees, which is converted to 

domain size using Eqs. (C.3) and (C.4).  
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Appendix D – McStas Script Used to 

Simulate Instrument Performance 

************************************************************************ 

* 

* Instrument: MURR_NIS 

* 

* %Identification 

* Written by: James Torres, (MU and ORNL); Ken Herwig, ORNL 

*  

* The neutron imaging station (NIS) consists of a 6-inch diameter source 

* with neutrons biased into a fixed aperture located 2.15 m downstream 

*  

* 5-inch thick sapphire and bismuth crystals are used to filter fast neutron 

* and gamma radiation 

*  

* The resolution defining (variable) aperture is placed 3.34 m from the source 

* 

* Units of Source_simple are n/cm2/s/ster/Angs 

* method will use a ~5-Angs-wide bandwidth 

* 

* 

* 

* 

* %End 

***********************************************************************/ 

 

DEFINE INSTRUMENT MURR_NIS() 

 

/* The DECLARE section allows us to declare variables or small      */ 

/* functions in C syntax. These may be used in the whole instrument. */ 

DECLARE 

%{ 

%} 

 

/* The INITIALIZE section is executed when the simulation starts     */ 

/* (C code). You may use them as component parameter values.         */ 

INITIALIZE 

%{ 

%} 
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/* Here comes the TRACE section, where the actual      */ 

/* instrument is defined as a sequence of components.  */ 

TRACE 

 

COMPONENT Origin = Arm() 

  AT (0,0,0) ABSOLUTE 

 

COMPONENT Progress = Progress_bar() 

  AT (0,0,0) RELATIVE Origin 

 

 

/* Source focused onto the fixed aperture */ 

Component Moderator = Source_simple(radius = 0.0762, dist= 2.15, focus_xw=0.1123, 

focus_yh=0.1123,  

    lambda0 = 2.6, dlambda = 2.4) 

  AT (0,0,0) RELATIVE Origin 

 

/* Fixed aperture at 2.15 m of r=5.615 cm */ 

Component Aperture_A = Slit(radius=0.05615) 

  AT (0,0,2.15) RELATIVE Origin 

 

/* Place a PSD monitor downstream from the fixed aperture */ 

COMPONENT FixedAp_det = PSD_monitor(  

    filename="FixedAp_mon.dat",  

    xwidth=0.2,  

    yheight=0.2,  

    restore_neutron=1) 

AT (0, 0, 0.0001) RELATIVE Aperture_A 

 

/* Place a 5-inch thick sapphire filter a distance 2.62 m from the source */ 

COMPONENT Sapphire_filter = Saphire_Filter( 

    xmin=-0.0635,  

    xmax=0.0635,  

    ymin=-0.0635,  

    ymax=0.0635,  

    len=0.127) 

AT (0, 0, 2.62) RELATIVE Origin 

 

/* Variable aperture at 3.34 m of r=1.25 cm */ 

COMPONENT Aperture_B = Slit( 

    radius=0.0125) 

AT (0, 0, 3.34) RELATIVE Origin 

 

/* Place a 5-inch thick bismuth filter 3.35 m from the source */ 

COMPONENT Bis_filter = Saphire_Filter( 

    xmin=-0.0635,  
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    xmax=0.0635,  

    ymin=-0.0635,  

    ymax=0.0635,  

    len=0.127,  

    A=0.075,  

    B=0.051,  

    C=21.11,  

    D=0.0583) 

AT (0, 0, 0.0001) RELATIVE PREVIOUS   

 

/* Now place brightness monitors at the detector plane 

Component HBrightness = Monitor_nD(xwidth = 0.5, yheight = 0.5,  

          options="lambda limits [0.2, 1.8] bins = 250 hdiv limits [-2.0, 2.0] bins = 500", 

          filename = "Hdiv.dat", restore_neutron=1) 

 AT (0,0,13.34) RELATIVE Origin 

 

Component VBrightness = Monitor_nD(xwidth = 0.5, yheight = 0.5,  

          options="lambda limits [0.2, 1.8] bins = 250 vdiv limits [-2.0, 2.0] bins = 500", 

          filename = "Vdiv.dat", restore_neutron=1) 

 AT (0,0,0.0001) RELATIVE HBrightness */ 

 

/* Wavelength monitor */ 

Component LambdaMonitor = L_monitor(filename="Lambda.dat", xwidth = 1.0, yheight 

= 1.0, 

          nL = 250, Lmin = 0.2, Lmax = 5.0, restore_neutron=1) 

 AT (0,0,13.3401) RELATIVE Origin 

 

COMPONENT VariableAp_det = PSD_monitor(  

    filename="Mon.dat", nx=1000, ny=1000, 

    xwidth=1.0,  

    yheight=1.0,  

    restore_neutron=1) 

AT (0, 0, 0.0001) RELATIVE PREVIOUS 

 

COMPONENT l_monitor = L_monitor( 

    nL=250,  

    filename="Div.dat",  

    xwidth=0.001,  

    yheight=0.001,  

    Lmin=0.2,  

    Lmax=5,  

    restore_neutron=1) 

AT (0, 0, 0.0001) RELATIVE PREVIOUS 

 

COMPONENT divergence_monitor = Divergence_monitor( 

    nh=250,  
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    nv=250,  

    filename="Div_1.dat",  

    xwidth=0.001,  

    yheight=0.001,  

    maxdiv_h=0.5,  

    maxdiv_v=0.5,  

    restore_neutron=1) 

AT (0, 0, 0.000001) RELATIVE PREVIOUS 

 

COMPONENT Beam_stop = PSD_monitor( 

    filename="BeamStop.dat", nx=1000, ny=1000, 

    xwidth=1,  

    yheight=1,  

    restore_neutron=1) 

AT (0, 0, 1.31) RELATIVE PREVIOUS 

 

/* This section is executed when the simulation ends (C code). Other    */ 

/* optional sections are : SAVE                                         */ 

FINALLY 

%{ 

%} 

/* The END token marks the instrument definition end */ 

END 
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