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E N G I N E E R I N G

Critical assessment of water enthalpy characterization 
through dark environment evaporation

Andrew Caratenuto1 and Yi Zheng1,2
*

Comparative evaporation rate testing in a dark environment, commonly used to characterize a reduced vaporiza-
tion enthalpy in interfacial solar evaporators, requires the assumption of equal energy input between cases. How-
ever, this assumption is not generally valid, leading to misleading characterization results. Interfacial evaporators 
yield larger evaporation rates in dark conditions due to enlarged liquid- vapor surface areas, resulting in increased 
evaporative cooling and larger environmental temperature di�erentials. Theoretical and experimental evidence is 
provided, which shows that these temperature di�erences invalidate the equal energy input assumption. The re-
sults indicate that di�erences in evaporation rates correspond to energy input variations, without requiring en-
thalpy to be reduced below theoretical values. These �ndings o�er alternative explanations for previous claims of 
reduced vaporization enthalpy and contradict enthalpy- related conclusions drawn from di�erential scanning 
calorimetry. We conclude that postulating a reduced vaporization enthalpy using the dark environment method 
is inaccurate and that re- evaluation of vaporization enthalpy reduction is required.

INTRODUCTION

With the global water crisis becoming increasingly pervasive, re-
search into e�ective mitigation methods has become very popular 
in recent years. Within this �eld, a boom of publications has emerged 
in the sub�eld of interfacial solar evaporation, whereby solar irradi-
ance can produce clean water with high e�ciency via thermal evap-
oration (1). A great number of interfacial evaporation devices have 
been demonstrated for this purpose, designed to �oat on the surface 
of nonpuri�ed brine water, absorb solar irradiance, and continu-
ously evaporate the impure water (2). Once evaporated, the puri�ed 
water can be condensed for use, typically within some variation of a 
solar still.

To enhance water yield, it is highly desirable to maximize the ef-
�ciency of the evaporation process, typically by reducing parasitic 
energy losses to the environment. For an interfacial evaporator un-
der solar irradiance, the steady- state evaporative heat �ux can be 
described by

where ṁ , hfg, η, and qsol are the evaporation rate, water phase change 
enthalpy, evaporation e�ciency, and incident solar power, respec-
tively. �e evaporation e�ciency describes the amount of incident 
solar irradiance used for the evaporation process, which may be re-
duced below 100% by parasitic heat losses from convection, radia-
tion, and conduction (2).

In an ideal case under 1 sun (1000 W m−2) irradiance, the maxi-
mum theoretically achievable evaporation rate is approximately 
1.5 kg m−2 hour−1. Despite this, many researchers have obtained 
evaporation rates far above this limit, even without fully isolating 
the evaporation system from parasitic heat losses (1, 3–10).

�e typical explanation for this phenomena, introduced by Yu 
and colleagues in 2018, is that the vaporization enthalpy of water 
within the interfacial evaporators is reduced, thereby reducing the 

energy required to vaporize a given mass of water and allowing 
evaporation rates in excess of the theoretical limit (3). �e proposed 
mechanism for this enthalpy reduction involves a weakening of the 
hydrogen bond network of water (or “water activation”), resulting 
from interactions with the hydrophilic porous structure of the inter-
facial evaporator (usually a hydrogel). �ey further postulate that 
water, in this modi�ed state, may evaporate more readily in the form 
of clusters, with some hydrogen bonds still intact (3, 4). A�er this 
point, the clusters may break apart outside of the system (i.e., above 
the evaporator), reducing the energy requirement for the evapora-
tor itself.

A variety of characterization methods were used to defend this 
hypothesis, many of which are frequently used in contemporary 
studies to justify evaporation rates above the theoretical limit and 
prove that the vaporization enthalpy of water has been reduced. One 
of the most commonly used methods involves evaluating evapora-
tion rates in the absence of solar irradiance (i.e., in a dark environ-
ment). In the dark environment evaporation test, the mass loss of 
identical water- �lled beakers—one of pure water, and one with the 
interfacial evaporator placed on top—is monitored over an extend-
ed duration. With the assumption that the energy input from the 
environment (which facilitates pseudosteady evaporation over the 
test period) is equal between the two beakers during the process, 
one can conclude that

�us, if the evaporation rate of the interfacial evaporator is high-
er than that of pure water in these conditions, this method o�ers a 
simple indicator that the vaporization enthalpy of water within the 
evaporator must be reduced (1, 3).

However, deeper investigation reveals that this method produces 
misleading results that should not be used to justify a reduced va-
porization enthalpy, due to the invalidity of the equal energy input 
assumption. Here, we show both theoretically and experimentally 
that di�erences in the dark environment evaporation rate are pri-
marily due to di�erences in interfacial surface area, which invali-
dates the assumption of equal energy input (Fig. 1). It is illustrated 

qevap = ṁhfg = ηqsol (1)
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that energy input discrepancies due to di�erences in system tem-
peratures are proportional to di�erences in evaporation rates. Mod-
eling results show good agreement with the experiment, supporting 
these �ndings. Last, we provide data to show that di�erential scan-
ning calorimetry (DSC) methods, which are commonly used to 
characterize vaporization enthalpy, are not in agreement with the 
results of the dark environment test.

RESULTS

Le� at rest in ambient conditions, water in a beaker will spontane-
ously evaporate as liquid molecules at the interface gain enough en-
ergy to overcome surface binding energy. In doing so, energy exits the 
water system through the latent heat of the exiting water vapor. �is 
energy output manifests as a sensible heat reduction in the remaining 
liquid water, cooling the water. As the water temperature falls below 
the ambient temperature via evaporative cooling, the water will begin 
to receive energy from the environment due to the temperature dif-
ferential, compensating for evaporative energy losses. Pseudosteady 
evaporation is achieved when the net energy input from the environ-
ment is equal to the energy output due to evaporation (11, 12).

It is well known that natural evaporation rates are heavily depen-
dent on the interfacial area, and that enlarging the evaporation sur-
face will accelerate mass transfer. Many interfacial evaporators have 
substantially enlarged liquid- vapor surface areas, typically obtained 
via an internal porous structure, which intrinsically enhances the 
natural evaporation rate due to the curvature of menisci within 
pores (13, 14). Furthermore, other factors such as pressure modi�-
cation within a porous structure or the modi�cation of surface 

energies have been reported to further enhance evaporation (1, 15). 
All of these factors are generally desirable for increasing the evapo-
ration rate, which can be clearly shown by an enhancement of evap-
oration under dark conditions.

However, these evaporation- enhancing factors have not been 
shown to inherently reduce the total energy requirement of evapo-
ration. Under steady evaporation conditions, evaporative cooling 
must be balanced by energy from the environment via radiation, 
convection, and conduction. Energy input from any of these mecha-
nisms is proportional to the temperature di�erence between the am-
bient environment and the surface(s) of the evaporation system. 
�erefore, for a �xed ambient temperature, an evaporation system 
with lower temperatures at steady state will receive a greater energy 
input from the environment.

In the context of a typical comparative dark environment test, the 
enhanced natural evaporation of the interfacial evaporator will induce 
greater cooling, which, in turn, induces a greater environmental ener-
gy input. �is temperature di�erence may appear small—o�en less 
than 1°C between the water and evaporator systems—yet as will be 
shown, can cause appreciable discrepancies between the energy input 
of the two systems. As a result, the interfacial evaporation device re-
ceives substantially more energy input and can sustain enhanced evap-
oration rates in comparison to water without relying on the hypothesis 
of reduced vaporization enthalpy. In short, enhanced evaporation re-
sulting from the properties of the interfacial evaporator produces a 
greater evaporative cooling e�ect, which enables greater environmen-
tal heat �uxes that can maintain larger evaporation rates (Fig. 1).

Theoretical heat transfer model
To prove that the temperature di�erences that result from disparate 
evaporation rates are not negligible in a comparative dark environ-
ment evaporation test, theoretical calculations are performed. Con-
sider a beaker of diameter d and height H �lled with water, placed 
on a thick piece of insulating foam. In general, convective and radia-
tive transfer between a surface of the beaker and the environment 
can be described by the following equations (11)

In these equations, the subscript i is used to designate the appro-
priate surface of the beaker. A is the area of the surface, h is the 
convection coe�cient, and T∞ is the ambient temperature, T is the 
beaker surface temperature, ε is the emissivity of the surface, and σ 
is the Stefan- Boltzmann constant. �e Nusselt number is used to 
calculate natural convection coe�cient for the horizontal top sur-
face and vertical walls of the beaker, respectively, as (11)

and

qconv = Aihi
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Fig. 1. Mechanism of enhanced dark environment evaporation from an evap-

orator with enlarged interfacial surface area. The enlarged interfacial surface 

area due to meniscus curvature within pores increases evaporation, inducing 

greater evaporative cooling, thus lowering the temperature of the evaporator and 

allowing it to harvest additional energy from the environment.
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Air properties are evaluated at the average temperature between 
the ambient and the surface. �e wall of the beaker is assumed to 
have negligible thermal resistance due to its low thickness.

�e beaker is also assumed to be insulated on the side and/or 
bottom surfaces (depending on the case). For simplicity, steady state 
is assumed, such that changes in sensible heat can be neglected. �e 
accuracy of these assumptions will be revisited in later sections with 
respect to the experimental results.

�e diameter and height of the beaker are 41 and 40 mm, respec-
tively, and the Stefan- Boltzmann constant is taken as 5.67 ×  10−8 
W m−2 K−4. �e emissivities of the water, beaker, and evaporator are 
taken as 0.96, 0.95, and 0.92, respectively. When the side walls of the 
beaker are considered, the wall temperature is set based on the pre-
scribed ambient and surface temperatures. Surface- wall di�erentials 
range from about 0° to 1.5°C and are based on a �tting of several 
trials of steady- state experimental data using a system of compara-
ble parameters. Further details on emissivity values and wall tem-
peratures are given in the Supplementary Text.

Using these methods, the environmental energy input for a bea-
ker undergoing steady evaporation is quanti�ed. By modeling and 
comparing beakers with di�erent surface temperatures in the same 
ambient conditions, the energy impact of these temperature di�eren-
tials is quanti�ed. In this way, an input energy enhancement factor, 
which describes the excess energy input brought on by lower system 
temperatures (as may result due to the enhanced evaporation of an 

interfacial evaporator), can be de�ned as fin,evap = Uin,evap∕Uin,H2O, 
where Uin,evap and Uin,H2O

 represent the net input energy from the 
environment to the interfacial evaporator and water system, respec-
tively. �us, the energy enhancement factor provides a reasonable 
estimate for the energy input di�erences between the water and 
evaporator systems during a comparative dark environment evapo-
ration test.

Analytical results
�e results of these theoretical analyses are shown in Fig. 2. First, 
an ambient temperature of 20°C is studied, with water surface 
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temperatures ranging from 17° to 19.5°C (y axis). �e interfacial 
evaporator beaker is designated with a temperature di�erence 
from 0 to 3°C below that of the pure water (x axis). From Fig. 2A, 
it is immediately apparent that even small surface temperature dif-
ferences can cause quite large di�erences in energy input. �e en-
ergy input to the evaporator system can exceed 1.5 times that of 
the water system even with a temperature di�erential less than 
1°C. At greater di�erentials, the evaporator system can easily ob-
tain 2 to 3 times as much energy from the environment as the pure 
water system.

As expected, the energy input enhancement factor fin,evap is heav-
ily dependent on the chosen temperature di�erential between the 
water and evaporator systems, as all heat transfer components are 
directly proportional to this quantity. In addition, if the chosen wa-
ter temperature is closer to the ambient temperature, the relative 
energy gain from the corresponding evaporator case is larger. �is is 
because the ratio of the evaporator- ambient temperature di�erence 
and the water- ambient temperature di�erence becomes quite large 
in these cases.

When the sides of the beaker are not insulated (i.e., convective 
and radiative heat transfer from the sides is considered), the 
trends are quite similar, as seen in Fig. 2B. In addition, the choice 
of ambient temperature has a minimal impact, which is expected 
(Fig. 2, C and D). �e ambient temperature essentially only mod-
i�es the convection coe�cients through the air properties, and in 
the range of temperatures modeled here, air does not experience 
property changes that mainly impact convection. �us, the im-
pact of ambient temperature is minimal in comparison to the 

temperature di�erentials, which emerge as the obvious driving 
factors. Together, these observations indicate that the conclusions 
are largely setup and environment independent, and thus trans-
ferable to comparative dark environment tests across di�erent 
laboratory environments and for various common beaker setup 
choices (insulated or noninsulated).

�e most important takeaway of the analytical results concerns 
the magnitude of the di�erences in energy input. �e model indi-
cates that temperature di�erences in the range of 0° to 3°C may pro-
vide the evaporator with far more energy than the water system, 
more than doubling its energy input in many cases. �us, this en-
hanced energy input would explain evaporation rates of interfacial 
evaporators that exceed those of water by similar factors without 
necessitating claims of reduced vaporization enthalpy.

Experimental validation
Evaporation tests
To further support these claims, comparative dark environment 
tests are performed (Fig. 3). �e interfacial evaporator chosen for 
these tests is a simple melamine foam (MF) sponge, exempli�ed pre-
viously as an interfacial solar evaporator (7). �is evaporator dem-
onstrates superb water transport, high hydrophilicity, and has an 
open- porous structure with an average pore diameter of approxi-
mately 30 μm, as seen from the scanning electron microscopy (SEM) 
images (Fig. 3B and �g. S1). Crucially, the pore sizes, low water con-
tact angle (�g. S4), and extremely high porosity of the MF sponge 
[about 99% (16)] yield an enhanced interfacial evaporation area due 
to capillary e�ects. Following the estimation scheme of Bongarala 
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et  al. (14), the liquid- vapor surface area of a water- saturated MF 
sponge may nearly double as compared to a corresponding �at sur-
face as a result of meniscus curvature within pores. In practice, this 
is likely an overestimate. �e MF sponge’s pores are irregular and 
not perfectly spherical, as seen from the SEM images, and the con-
tact angle may �uctuate as water transport occurs throughout the 
structure, both of which may reduce this value. �us, while the up-
per limit of evaporation area enhancement from the MF sponge 
based on porosity and contact angle is about 1.98, the actual en-
hancement is expected to be lower based on deviations from the 
idealized model (14).

For the comparative dark environment test, two beakers con-
taining deionized (DI) water are placed side by side in blocks of 
insulation, as shown in Fig.  3A and fig.  S5. The MF sponge is 
placed on the water surface of the evaporator beaker, in direct 
contact with the water, with its top surface in line with the 
mouth of the beaker. Temperatures of each evaporation system 
and the environment are monitored using an infrared (IR) cam-
era and confirmed with thermocouples, and the mass of each 
beaker is weighed before and after 24 hours to determine the 
mass loss by evaporation. Further details are provided in Materi-
als and Methods.

�e experimental results con�rm our key hypothesis: the interfa-
cial evaporator system maintains notably lower temperatures than 
the water system throughout the entirety of the test. While both sys-
tems display a fairly consistent temperature di�erential with the am-
bient a�er an initial transient period of about 6 hours, the MF 
sponge maintains a temperature nearly 1.1°C below that of the water 
surface under identical ambient conditions, as shown in Fig.  3 
(C and D).

As expected, the use of the interfacial evaporator yields an en-
hanced evaporation rate, as shown in Fig.  3C. �e water beaker 
achieves an evaporation rate of 0.084 kg m−2 hour−1 during the 24- 
hour test. In contrast, the MF sponge achieves a 35% higher evapo-
ration rate over the same period (0.113 kg m−2 hour−1). �e porous 
structure of the MF sponge enhances the evaporation rate primar-
ily due to its enlarged evaporation area; its pore sizes are in the 
double- digit micrometer range, which is not expected to cause any 
appreciable di�erence in internal pressure (7, 17). However, this 
characteristic has no e�ect on the energy required for water to 
evaporate from its porous structure. Instead, its ability to maintain 
higher evaporation rates is due to its lower interfacial temperatures 
(clearly seen in the IR camera images of Fig. 3E), which allow for a 
greater energy input from the environment.
Transient model
To support these conclusions, transient analyses are performed on 
the experimental temperature data. �e energy balance for the en-
tire beaker during the test can be expressed as

where qcond and qsens represent conductive and sensible heat contri-
butions. �is equation is consistent with earlier theoretical descrip-
tions of the evaporation process, where energy loss from evaporation 
is balanced by cooling of the water itself and environmental energy 
inputs. �is relationship enables quanti�cation of the energy trans-
fer components and estimation of the vaporization enthalpy of each 
beaker, which will further illustrate that the assumption of equal en-
ergy input is invalid, and that there is no reduction in vaporiza-
tion enthalpy.

A transient, axisymmetric heat transfer model is run for each 
beaker using the Matlab PDE toolbox (18). �e boundary condition 
at the top surface for each time step is set as the experimentally mea-
sured surface temperature of the evaporation surface. �e side and 
bottom walls are designated with conductive heat �ux boundary 
conditions, based on measured values of the insulation thickness 
and thermal conductivity, and water properties are approximated as 
constant due to the low range of temperatures. Further information 
regarding model input parameters is provided in the Supplemen-
tary Text.

On the basis of these inputs, the temperature distribution inside 
the beaker is calculated at each time step over the 24- hour test period. 
�e solution is nonlinear, as conductive and sensible heat inputs are 
determined based on the resulting temperature �eld. Transient con-
vective and radiative inputs at the evaporation surface are determined 
using Eqs. 3 to 5. �e ambient air temperature is used for the convec-
tion calculation, while the enclosure wall temperature is used for the 
radiative calculation. �us, all contributing energy input components 
are determined for the experimental test.

�e results of these analyses are provided in Fig. 4. From Fig. 4 
(A, C, and D), the bottom and mean surface temperatures of each 
beaker are higher than the evaporation surface, as expected. �e 
maximum temperature is maintained at the bottom of each beaker, 
as it is farthest from the cold evaporation surface while still receiv-
ing energy input from the surroundings. Model mean and bottom 
temperatures respond accordingly to changes in ambient and sur-
face temperatures, yet are temporally delayed due to the large spe-
ci�c heat of water. At all times, the entire MF sponge beaker 
maintains bulk and interface temperatures below that of the wa-
ter beaker.

�e cumulative energy input from each heat transfer mechanism 
is shown in Fig. 4B. For all mechanisms, the MF sponge beaker re-
ceives more energy than the water beaker. �e lower temperatures 
of the MF sponge system induce greater heat transfer through an 
increased temperature di�erential with the environment, resulting 
in approximately 40% more energy input for most heat transfer 
mechanisms. For convection, this percent increase is even larger, 
nearing 60%. Convection input to the MF sponge system is en-
hanced not only by an increased environmental temperature di�er-
ential, but also by a slight increase in the convection coe�cient 
(�g. S4). Even the sensible heat contribution, though small, is en-
hanced by the lower system temperatures of the MF beaker. Con-
duction from the side walls emerges as a key contributor to the 
energy input of both systems. However, it is important to note that 
the side wall area is nearly four times as large as the top or bottom 
surfaces, over which the other environmental inputs act upon. �us, 
on the basis of heat �ux, convection and radiation on the top evapo-
ration surface are the largest contributors. �is outcome is expected, 
as the largest environmental temperature di�erential exists at this 
location.

By combining these results with Eq. 7, the vaporization enthalpy 
of each beaker can be calculated, shown in Fig. 4E. Analysis of the 
water beaker yields an enthalpy value of 2370 J g−1, while that of the 
MF sponge beaker is 2558 J g−1. �e values of both beakers agree 
with the theoretical value of 2460 J g−1 (19) within less than 4%. �is 
result clearly illustrates that the vaporization enthalpy of water with-
in the MF sponge is not reduced, but that the assumption of equal 
energy input used in the comparative dark environment test is in-
valid. �e MF sponge receives a greater energy input based on its 

qevap = ṁhfg = qconv + qrad + qcond + qsens (7)
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lower temperatures, which corresponds with great accuracy to its 
enhanced evaporation rate. If the equal energy input assumption 
were used for this test, a vaporization enthalpy value of 1823 J g−1 
would have been established. �us, it is easy to see how misleading 
results of vaporization enthalpy reduction are obtained using this 
method. �ese experiments and analyses show clearly that, when 
energy inputs from the environment are properly accounted for, 
there is no indication of vaporization enthalpy reduction. Further 
support for the reliability of these analyses is provided in the Supple-
mentary Text and �g. S8.
Hydrogel evaporators
Porous interfacial evaporators for solar evaporation can generally 
be separated into two categories: those that modify the bonding 
state of water within their porous structure due to the presence of 
bound water, and those that do not. �e MF sponge is a good rep-
resentation of the latter category. �e preceding results and analy-
ses clearly show that, for these types of evaporators, enhanced 
evaporation in a dark environment can be attributed entirely to in-
terfacial surface area e�ects as opposed to claims of reduced vapor-
ization enthalpy. To generalize these conclusions to all types of 
evaporators, comparative evaporation tests and analyses are ex-
tended to hydrogel evaporators.

Hydrogels are used commonly for solar evaporation applica-
tions, largely due to claims that their in�uence on water bonding 

within their porous structures e�ectively reduces water vaporization 
enthalpy by weakening the hydrogen bonding network (1). To assess 
this claim, comparative dark environment tests are repeated for 
polyvinyl alcohol (PVA) hydrogels fabricated based on representa-
tive works in the literature (3, 20, 21). �ree hydrogel samples are 
synthesized (�g. S9) and evaluated the dark environment evapora-
tion tests. �e name of each sample is indicated with the PVA pre-
cursor solution ratio [7.5 or 10 weight % (wt %)]. When used, 
freeze- thaw cycles (one or �ve cycles) are also speci�ed. More infor-
mation on hydrogel sample synthesis is provided in Materials and 
Methods.

First, SEM images of all hydrogel samples are presented in Fig. 5 
and �gs. S10 to S12. PVA- 7.5 and PVA- 10- FTx5 show open porous 
structures with fairly high porosities; however, their porosities ap-
pear lower than that of the MF sponge. �e PVA- 10- FTx1 sample 
shows pores of similar scale, but appears to have a less open struc-
ture than the other two hydrogels. While all hydrogels show some 
amount of inconsistency in porosity over larger areas (�gs. S10 to 
S12), PVA- 7.5 and PVA- 10- FTx5 maintain a greater proportion of 
porous structure coverage as compared to PVA- 10- FTx1. Although 
the latter sample shows many similar morphological characteristics, 
it also has large areas without pores and regions with semi- closed 
pores. Morphological di�erences between these hydrogels are at-
tributed to the degree and type of cross- linking present within each 
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sample. Additional freeze- thaw cycles have been cited to increase 
pore size and crystallinity, due to the higher degree of phase separa-
tion induced by repeated cycling (22). �is explains the more open 
and more ordered structure observed in PVA- 10- FTx5 as compared 
to PVA- 10- FTx1. Similarly, the lower PVA concentration used in 
PVA- 7.5 also supports a more open porous structure with larger 
pores (3). Quantitative measures of porosity in these hydrogels are 
not made as structural variation between di�erent regions is large, 
hindering accuracy when assessed by SEM. However, it can be gen-
eralized that PVA- 7.5 and PVA- 10- FTx5 samples have a greater in-
terfacial evaporation area than PVA- 10- FTx1, and a lower interfacial 
evaporation area than the MF sponge.

All three PVA hydrogels exhibit dark environment evaporation 
rates above that of water, along with surface temperatures below 
those of water (Fig. 5 and �gs. S13 to S15). �is is consistent with the 
theoretical description, as well as the results obtained for the MF 
sponge. Notably, the evaporation rate increase factors of the PVA- 
7.5 and PVA- 10- FTx5 hydrogels (about 15%) are lower than that of 
the MF sponge (35%). Furthermore, the PVA- 10- FTx1 evaporation 

rate is only 4% greater than that of water. �ese results agree with 
the porosity observations discussed previously and directly support 
the trend between interfacial surface area expansion and evapora-
tion rate enhancement.

Further support is obtained from hydrogel temperatures during 
evaporation tests. �e mean water- evaporator surface temperature 
di�erences for hydrogels (0.2° to 0.5°C) are lower in magnitude 
than that of the MF sponge (1.1°C). As mentioned previously, the 
excess energy received by the evaporator with respect to water is 
proportional to this temperature di�erence and is the driving factor 
in the enhancement of dark environment evaporation rates. �is is 
clearly exempli�ed by comparing water- evaporator temperature 
di�erentials with evaporation rate increases. As shown in Fig. 5I, 
higher temperature di�erentials support greater evaporation rate 
increases due to enhanced energy input from the environment and 
align with the surface area enhancement deduced from SEM imag-
es. �us, the relationship between liquid- vapor interfacial area, 
evaporation rate, and temperature is clearly shown to be consistent 
with the theoretical hypothesis. Last, for all three hydrogels, the 
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vaporization enthalpy determined from the experimental data and 
transient thermal model agrees well with the theoretical vaporiza-
tion enthalpy of water. �is indicates that even for hydrogel materi-
als, dark environment evaporation rate increases are not due to 
vaporization enthalpy reductions, but rather due to input energy 
discrepancies stemming from variations in interfacial surface area.
DSC characterization
Last, evaporator samples are characterized using DSC to further 
support these conclusions. DSC data are commonly used to charac-
terize transition enthalpies, and features of the heat �ow curves can 
be analyzed for further information. DSC scans at high and low 
temperatures are frequently used for interfacial evaporators to prove 
their modi�ed water state and/or reduced vaporization enthalpy, ei-
ther on their own, or in conjunction with dark environment test 
data (1, 3, 4, 9).

As shown in Fig. 6A, the DSC scan of pure water over the boil-
ing point yields a vaporization enthalpy value close to the theo-
retical value, and shows a steep characteristic decline a�er all water 
is vaporized. �e high- temperature DSC scans for the MF sponge 
show very similar results to those of water. Both pro�les yield va-
porization enthalpy values very close to the theoretical value of 
water. �e vaporization enthalpy of water in the MF sponge de-
creases by only about 4% in comparison to pure water, and the two 
pro�les share a very similar pro�le. In contrast, interfacial evapo-
rators with modi�cations in water state will show DSC enthalpy 
values well below that of pure water, o�en showing reductions of 

20% or more (vaporization enthalpy values below 2000 J g−1). A 
broader, less steep pro�le is usually seen as well, and heat �ow ac-
tivity may persist past 100°C, both of which are attributed to the 
modi�ed water bonding behaviors within the evaporators and/or 
the internal pressure reduction within hydrogels (1, 3, 4, 21, 23). 
None of these characteristics are visible for the MF sponge; hence, 
high- temperature DSC scans do not indicate any reduction in the 
vaporization enthalpy of water within the MF sponge. If the as-
sumption of equal energy input were used in the MF sponge dark 
environment test, the results of the dark environment test would 
therefore be at odds with those of the DSC.

On the other hand, all three hydrogel samples characterized in 
this work show nearly all of the aforementioned traits. DSC scans of 
the hydrogels yield enthalpy values from 2041 to 1717 J g−1, repre-
senting respective reductions of 14 to 28% below the DSC- measured 
enthalpy value of water. �e hydrogels also show broad pro�les with 
heat �ow activity, which persists far beyond 100°C. �us, all three 
hydrogels show the typically cited characteristics of evaporators 
with reduced vaporization enthalpies. In contrast to this, the dark 
environment evaporation tests illustrate that the evaporation en-
hancement is purely due to energy input discrepancies, rather than 
vaporization enthalpy reduction. �erefore, the results of the DSC 
enthalpy characterization clearly contradict those of the dark envi-
ronment evaporation tests when input energy di�erences are prop-
erly accounted for.

The DSC can also be used at low temperatures to gain infor-
mation about the bonding state of water. Typically, for a modified 
water state as is commonly seen in hydrogels, the melting onset 
will shift well below 0°C, and the melting enthalpy often decreas-
es. This impact stems from an increase in the bound water con-
tent of the hydrogel with respect to free water. While bound 
water itself is nonfreezable, intermediate water (also known as 
freezable bound water) will exhibit a lower freezing point than 
that of free water (0°C) (1, 4, 24, 25). Both the water and MF 
sponge show a melting onset very close to 0°C (Fig.  6B). Both 
melting enthalpies are close to the theoretical value [334 J  g−1 
(25)], and agree with one another within less than 3%. In con-
trast, all three hydrogel evaporators exhibit melting onsets well 
below 0°C, signifying notable intermediate water content. This is 
corroborated by the existence of multiple distinct melting peaks 
in the hydrogels, which are due to different states of water melt-
ing within the hydrogel, as well as lowered melting enthalpy val-
ues as compared to bulk water and water in the MF sponge (1, 4, 
24, 25). Hence, water in all three hydrogel samples show obvious 
signatures of a modified water bonding state, in direct contrast 
with the water and MF sponge. We note that the slight shift be-
tween the DSC profiles of PVA- 10- FTx5 and PVA- 10- FTx1 re-
sults from the more open structure of PVA- 10- FTx5, in which a 
lower proportion of bound and intermediate water result from a 
higher water content (24).

Together, these low-  and high- temperature DSC results clearly 
show that neither the vaporization enthalpy nor the hydrogen 
bonding state of water within the MF sponge is modi�ed with re-
spect to those of bulk water. Despite this, the dark environment 
test on its own would indicate a reduced vaporization enthalpy in 
the MF sponge if the assumption of equal energy input were used. 
�e conclusions of the dark environment method (if the equal in-
put energy assumption were used) and the DSC method of en-
thalpy characterization are therefore at odds with one another. 
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Further evidence is obtained by considering hydrogel evaporators. 
As characterized by DSC, all hydrogel evaporators explored here 
exhibit notable vaporization enthalpy reduction and water state 
modi�cation, as well as evaporation enhancement in the dark en-
vironment. Yet, when properly accounting for input energy dis-
crepancies during the dark environment evaporation tests, the 
calculated vaporization enthalpy agrees well with the theoretical 
value of water, in contrast with DSC results. In addition, the dark 
environment temperature di�erentials and evaporation increases 
observed for the PVA- 7.5 and PVA- 10- FTx5 samples are quite 
similar. �is is expected, as they have similar evaporation surface 
areas (due to having similar porosities), providing similar dark en-
vironment results. Despite this, their DSC- measured vaporization 
enthalpy values are quantitatively dissimilar. �is follows from 
their diversity from one another in several de�ning hydrogel traits, 
such as polymer mass content, cross- linking characteristics, and 
pore size, which have been cited to in�uence DSC- measured en-
thalpies of hydrogels (1, 3, 4, 23, 26). �is case further exempli�es 
the contradictory nature of the dark environment and DSC en-
thalpy methods.

It is worth noting that discrepancies between reduced enthalpy 
values characterized via dark environment or DSC methods are 
commonly reported and are usually attributed to di�erences in the 
degree of dehydration experienced by the evaporator within each 
test (3). However, our data indicate that this explanation is insu�-
cient. As shown from MF sponge and hydrogel evaporation tests, 
both types of evaporators exhibit enhanced evaporation in dark en-
vironments due to their expanded interfacial surface areas. �is 
characteristic is independent of water state modi�cation or enthalpy 
reduction attributes identi�ed via DSC. �us, we posit that DSC and 
dark environment enthalpy characterization methods show large 
discrepancies [o�en 500 J g−1 or greater (3, 4, 15, 20, 26)] because 
they do not characterize the same phenomena regarding vaporiza-
tion enthalpy, thus producing contradictory results for both types of 
evaporators. �is aligns with the justi�cation that DSC vaporization 
enthalpy reduction is instead due to pressure e�ects within hydro-
gels, as well as the demonstration of hydrogels without notable 
DSC- measured enthalpy reductions, which still exhibit evaporation 
rates in excess of the theoretical limit (21).

DISCUSSION

�e data and analyses reported herein clearly illustrate that com-
parative dark environment evaporation tests are not suitable for 
characterizing the reduced vaporization enthalpy of an interfacial 
evaporator. Enlarged evaporation surface areas or other evaporator 
characteristics may increase the evaporation rate in a dark environ-
ment, but this does not inherently modify the energy requirement of 
evaporation. Rather, increased evaporative cooling allows the evap-
orator system to reach a lower steady- state temperature, enabling it 
to harvest more environmental energy due to a greater temperature 
di�erential. Crucially, theoretical and experimental results show 
that the magnitude of this enhanced energy input is proportional to 
the enhanced evaporation observed in a dark environment. Fur-
thermore, DSC results, which are commonly used to corroborate 
claims of reduced vaporization enthalpy in interfacial evaporators, 
are inconsistent with the dark environment results presented. �us, 
it is concluded that comparative dark environment tests are not a 
valid method for establishing or quantifying a reduced vaporization 
enthalpy in an interfacial evaporator system, as the key assumption 
of equal energy input is not accurate. With this renewed context, the 
disparity of enthalpies determined by dark environment and DSC 
characterizations indicate that current justi�cations for reduced va-
porization enthalpy in solar- driven evaporation systems require re-
consideration.

To thoroughly and accurately demonstrate this concept, well- 
controlled experiments and detailed analytical models have been 
used. However, the utility of simple theoretical calculations in dem-
onstrating this phenomenon is also apparent. If Fig. 2 were used to 
analyze the experimental data given in Fig. 3, an input energy in-
crease of about 45% would have been noted, corresponding to an MF 
sponge evaporation rate about 45% larger than that of water. �is is 
an overestimate, largely due to sensible heat and conductive contri-
butions that are not accounted for. However, as most energy input 
mechanisms increase by roughly the same magnitude when the MF 
sponge is used, this simple method does o�er a relatively close ap-
proximation, useful for benchmarking other reports in the literature.

Previous accounts of reduced enthalpy characterized using dark 
environment evaporation tests are widespread in the literature. 
Table 1 shows literature reports of reduced enthalpy obtained via the 

Table 1. Literature reports of reduced vaporization enthalpy (and associated ratio of evaporation increase) characterized using the dark environment 

evaporation method. 

Material hfg,evap(J g−1) fṁevap

Carbon cloth (15) 2069 1.19

PPy/Carbon cloth (15) 1715 1.43

Titanium suboxide powder (9) – 2.33

PVA- PPy hydrogel (3) 1377 1.75

PVA- chitosan hydrogel (4) 1030 2.38

Adobe brick (5) 1153 2.06

Carbonized manure (8) 1276 2.02

MF sponge + Black 3.0 (7) 1377 1.75

Carbonized wood (6) 2069 1.19

Carbon foam (26) 2013 1.22

Lignocellulose aerogel (10) 1434 1.71
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dark environment evaporation method (hfg,evap). �ese values range 
from approximately 1000 to 2000 J g−1. On the basis of Eq. 2, the 
enhancement factor of evaporation from the interfacial evaporator 

can be de�ned as fṁevap
= hfg,evap ∕hfg,H2O

 . �e reported values of 

hfg,evap correspond to fṁevap
 values in the 1 to 2.5 range.

Looking back at the model results of Fig. 2, these accounts of re-
duced enthalpy could easily be explained by small variations in inter-
facial temperature during the dark environment tests as opposed to 
di�erences in vaporization enthalpy. It is di�cult to assess past re-
ports in the context of our model, as experimental temperatures dur-
ing dark environment tests are scarcely reported. However, recent 
works show that water- evaporator surface temperature di�erences 
up to nearly 3°C are certainly reasonable (9). In addition, many of 
these comparative tests are not performed concurrently, meaning 
that the water and evaporator systems may experience di�erences in 
ambient temperature and humidity. �is can lead to even further dis-
crepancies in the environmental energy input, especially due to the 
in�uence of humidity, as described in the Supplementary Text. Con-
sidering these factors, the vaporization enthalpy reductions that are 
typically reported using the dark environment evaporation rate test 
correspond well with the magnitude of model- predicted excess en-
ergy input for a reasonable range of temperature di�erentials. Al-
though some references report higher ratios of evaporation increase 
than our experimental results, we attribute this mainly to the fact that 
our tests, being performed concurrently, maintain better control of 
ambient conditions than many literature reports, which may per-
form evaporation tests at separate times and in separate conditions. 
Considering these factors, di�erences in environmental energy input 
provide a far more likely explanation for the disparate evaporation 
rates observed in comparative dark environment tests throughout 
the literature, as opposed to a reduction in vaporization enthalpy.

With the context of these experimental results, it is important to 
comment on the controversial role of the dark environment evapo-
ration rate in the analysis of a solar- driven evaporation system (12, 
27). O�en, the dark environment evaporation rate is subtracted 
from the evaporation rate under solar irradiance to obtain a dark- 
excluded evaporation rate. �e goal of this is to isolate the impact of 
incident irradiation on the evaporation system from that of natural 
evaporation. However, we posit that this is unnecessary, especially 
when calculating the evaporation e�ciency. Pseudosteady dark en-
vironment evaporation is maintained due to environmental energy 
input, which stems from a negative temperature di�erential between 
the evaporation system and the environment. �is environmental 
energy input typically does not manifest during an illuminated solar 
evaporation test, as this negative temperature di�erential does not 
exist. If all regions of the evaporator itself are elevated above the 
ambient temperature, there will not be energy input from the sur-
roundings. �us, in a properly isolated evaporation rate test, the 
evaporator should not receive excess energy from the environment, 
and there is no need to subtract the evaporation rate from such a 
source, as noted by Li et al. (12). Exceptions to this include cases 
with unique geometries designed to harvest environmental energy 
input, such as three- dimensional evaporators (13, 28). However, 
even for these exceptions, the surrounding energy input is highly 
dependent on ambient conditions (temperature and humidity), 
which in�uence input heat transfer and evaporation rate. In an illu-
minated evaporation rate test, these conditions will certainly be 
modi�ed, and the input energy cannot be assumed to be the same as 

that of a dark environment test. While the dark environment rate 
may be subtracted in these cases for an estimate of the pure, solar- 
driven evaporation, this method provides, at best, only a conserva-
tive estimate (12). For these reasons, simply subtracting the dark 
environment evaporation rate from the solar- driven evaporation 
rate is inaccurate and unnecessary for the calculation of the solar- to- 
vapor conversion e�ciency in most systems, as the environmental 
energy input that sustains dark evaporation is not identical (and in 
most cases does not manifest) in a typical illuminated test.

Last, recent discussions in the literature call into question the 
current understanding of reduced enthalpy of evaporation during 
continuous interfacial solar evaporation processes. A modi�cation 
of the water state clearly manifests in many materials (most notably 
hydrogels) and may produce a reduced DSC- measured enthalpy 
value, o�en accompanied by solar- driven evaporation rates above 
the theoretical limit (1). However, when considering the energy bal-
ance of the entire system, the enthalpy of the water before inunda-
tion within the hydrogel is unchanged from its theoretical bulk 
value. �us, in a continuous system, energy should be consumed to 
raise the water’s enthalpy from the bulk value to the modi�ed value 
when it is absorbed into the hydrogel. �is process must consume 
energy, as noted by Ducker (29). For this reason, it seems impossible 
that reductions in water vaporization enthalpy would manifest in a 
continuous evaporation system if the phenomena were based purely 
on a modi�cation of the bonding state of hydrogel- absorbed water.

Our experimental data lend support to this theory. First, it shows 
that typical claims of enthalpy reduction in a continuous dark envi-
ronment evaporation test are likely invalid, o�ering the alternative 
explanation of energy input discrepancies. In addition, we illustrate 
the contradictory nature of continuous (dark environment) and 
noncontinuous (DSC) enthalpy characterization methods, chal-
lenging the supposed relationship between enthalpies characterized 
using these approaches, as well as the current understanding of va-
porization enthalpy reduction as a whole. Rather, alternative theo-
ries that involve extra energy input coming from outside of the 
evaporation system would provide a more reasonable explanation, 
such as those that posit the breakup of released water clusters out-
side of the evaporator system (21). �is would also help explain how 
evaporation materials besides hydrogels have been reported to break 
the theoretical limit, even without a modi�cation of the water state.

In summary, a critical assessment of reduced enthalpy character-
ization through dark environment evaporation testing is performed. 
�e assumption of equal energy input between a water system and 
an interfacial evaporator system is analyzed both theoretically and 
experimentally. In both cases, the environmental energy input to the 
interfacial evaporation system is shown to substantially exceed that 
of the water system. �e excess energy input within the experimen-
tal test is calculated using a transient analytical model, and it is 
found that the enhancement in evaporation for the interfacial evap-
orator agrees with the enhancement of energy input due to lower 
evaporator temperatures. �ese data illustrate that the assumption 
of equal energy input is not valid and that reduced values of enthal-
py obtained using this characterization method are not accurate. 
Recent uses of the dark environment characterization method in the 
literature are analyzed with respect to these results, and it is found 
that the magnitude of previously reported dark environment data 
matches well with our explanation of excess energy input. Discrep-
ancies with DSC characterizations are also discussed, emphasizing 
that the current understanding of vaporization enthalpy reduction 
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in interfacial evaporation systems requires reconsideration. Further 
e�orts by the scienti�c community are vital to advance our under-
standing of the complex vaporization phenomena that occur during 
solar- driven evaporation. A deeper understanding of how the va-
porization energy requirement may be e�ectively reduced, materials 
that facilitate these phenomena, and suitable characterization meth-
ods will provide noteworthy progress toward global sustainability.

MATERIALS AND METHODS

Materials
Commercially available MF sponges are obtained from South Street 
Designs Company (UPC: 089902974060). PVA (CAS 9002- 89- 5) is 
obtained from MP Biomedicals. Glutaraldehyde (CAS 111- 30- 8, 
50 wt % in H2O) and hydrochloric acid (HCl 37%, CAS 7647- 01- 0) 
are obtained from Sigma- Aldrich. Carbon nanoparticles (CNPs, 
100 nm and below) are obtained from US Research Nanomaterials 
(stock no. US1076).

Sample preparation
To prepare the MF sponge sample, the sponge is rinsed three times 
with DI water and ethanol before use. It is cut to a thickness of 
10 mm and a 41 mm diameter to �t within the test beaker during 
evaporation tests.

PVA hydrogels are synthesized based on the procedures of recent 
representative works in the literature (3, 20, 21). For PVA- 7.5 sam-
ples, a modi�ed procedure based on that of Guo et al. (20) is used. 
First, 0.75 g of PVA is combined with 10 ml of DI water and 94 μl of 
glutaraldehyde solution. �e mixture is stirred at 30°C under vigor-
ous magnetic stirring for 1 hour to yield a homogeneous solution. 
�en, the mixture is removed from the heat, and 37.5 mg of CNPs is 
added to the solution. �e mixture is continuously stirred as it 
comes to room temperature. As needed, the solution is placed in a 
centrifuge at 2000 rpm for 10 min to remove bubbles. �en, the 
mixture is placed in an ultrasonicator, and 0.5 ml of 1.2 M HCl solu-
tion is added. A�er ultrasonicating for 2 min, the combined solution 
is poured into an aluminum petri dish, yielding a thickness of ap-
proximately 2 mm. A�er gelling at room temperature for 90 min, 
the gel is removed and placed in DI water overnight. �en, soaked 
samples are frozen on a liquid nitrogen- cooled steel plate. �e steel 
plate is placed in an insulated cooler and doused in liquid nitrogen. 
Once the nitrogen evaporates fully, the plate temperature is approx-
imately −50°C. �e samples, placed within aluminum trays, are fro-
zen for 1 hour on the chilled plate. Additional nitrogen is added as 
needed to maintain a plate temperature below −30°C. Immediately 
a�erward, the samples are freeze- dried in a Labconco FreeZone 
freeze dryer for 48 hours at a collector temperature of −105°C. A�er 
freeze drying, samples are soaked in DI water at 80°C for 2 hours to 
remove residual chemicals. Last, samples are fully swelled in fresh 
DI water for testing and characterization.

For PVA- 10 samples, a similar procedure is used, based on those 
of Tu et al. (21) and Zhao et al. (3). First, 1 g of PVA is combined 
with 10 ml of DI water and 62.5 μl of glutaraldehyde solution. 
The mixture is stirred at 80°C under vigorous magnetic stirring for 
1 hour to yield a homogeneous solution. �en, the mixture is removed 
from the heat, and 50 mg of CNPs are added to the solution. �e 
mixture is continuously stirred as it comes to room temperature. As 
needed, the solution is placed in a centrifuge at 2000 rpm for 10 min 
to remove bubbles. �en, the mixture is placed in an ultrasonicator, 

and 1 ml of 1.2 M HCl solution is added. A�er ultrasonicating for 
2 min, the combined solution is poured into an aluminum petri dish. 
A�er gelling at room temperature for 2 hours, the gel is removed 
and placed in DI water overnight. Next, soaked samples undergo a 
freeze- thawing process using a liquid nitrogen–cooled steel plate. 
�e liquid nitrogen freezing process is the same as the PVA- 7.5 sam-
ples, but is extended for 2 hours. A�er each freezing process, sam-
ples are thawed at room temperature for 30 min, followed by soaking 
in DI water for 30 min. �e freeze- thaw process is repeated 5 times 
for PVA- 10- FTx5 and 1 time for PVA- 10- FTx1. A�er completing 
the prescribed number of cycles, samples are frozen once using the 
same liquid nitrogen process for 1 hour. Immediately a�erward, the 
samples are freeze- dried in a Labconco FreeZone freeze dryer for 
48 hours at a collector temperature of −105°C. A�er freeze drying, 
samples are soaked in DI water at 80°C for 2 hours to remove re-
sidual chemicals. Last, samples are fully swelled in fresh DI water for 
testing and characterization.

Evaporation tests
Evaporation tests were performed over a test period of 24 hours in a 
closed darkroom environment. Two polypropylene beakers con-
taining DI water were placed side by side, undisturbed during the 
entire test period. �e MF sponge is placed on the water surface of 
the evaporator beaker, in direct contact with the DI water. It is 
pushed into the beaker until its top surface is in line with the mouth 
of the beaker. �e same treatment is used for the PVA hydrogel sam-
ples. �e beakers were surrounded on the sides by 42 mm of polyvi-
nyl chloride (PVC) insulation foam (measured thermal conductivity 
of 0.065 W m−1 K−1). �e beakers were placed on top of 38 mm of 
polystyrene (PS) insulation foam (measured thermal conductivity 
of 0.047 W m−1 K−1) and another 12.7 mm of PVC insulation foam. 
Insulation boards were �rmly secured to one another to diminish 
contact resistance. Temperatures were monitored using the FLIR 
A655C thermal camera with a resolution of 640 × 480 using a 25° 
lens. Temperatures for evaporator system surfaces were taken as the 
average over each respective surface. Transparent acrylic sheets 
were positioned around the setup to reduce the impact of ambient 
temperature and wind �uctuations during the test. �is enclosure is 
not air- tight, so that evaporating water vapor will not accumulate 
locally. Ambient temperature was monitored using a thermocouple 
positioned inside of the wind- covered area. An additional thermo-
couple was secured to the inside of one acrylic sheet to monitor the 
temperature of the walls inside the enclosure. �e enclosure wall 
temperature was used as the surrounding temperature for the radia-
tive transfer calculation. Agreement between thermocouple and IR 
temperatures within ±0.05°C is con�rmed before testing. �e mass 
of each water- �lled test beaker (plus evaporator, when applicable) 
was weighed before and a�er each test period using the RADWAG 
PS 1000 electronic scale. Masses were not continuously monitored 
by the scale to avoid excess heat input from the scale and to allow the 
two beakers to remain su�ciently close to one another to achieve 
identical ambient conditions. As the evaporation surface tempera-
ture drops very rapidly once the beakers are prepared during setup, 
the initial temperature of the bulk water used to �ll each beaker is 
measured via a thermocouple before each test, within 5 min of the 
start time. �is temperature is used as the initial domain tempera-
ture in the analysis. Humidity was monitored using the WS- 2000 
weather station with the WH32B sensor, and is reported for each 
test within the Supplementary Materials.
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Characterization
DSC curves were performed on the TA Instruments Q2000 DSC 
under Argon �ow (50 ml min−1) using a scanning rate of 10°C 
min−1 for high- temperature tests and 5°C min−1 for low- temperature 
tests. A rate of 5°C min−1 is common throughout the literature to 
provide good data �delity; however, it was found that the higher 
scanning rate yielded a slightly more accurate characterization of 
the control water vaporization enthalpy and boiling point, as shown 
in the Supplementary Materials. Sample masses used for DSC char-
acterization are also given in the Supplementary Materials. �ermal 
conductivity is characterized using the HotDisk TPS 2500s. SEM 
images were obtained from the Supra 25 SEM using an acceleration 
voltage of 5 kV. Fourier transform infrared spectroscopy (FTIR) 
spectra are obtained using the Jasco FTIR 6600 equipped with a 12° 
incidence PIKE integrating sphere.

Supplementary Materials
This PDF �le includes:

Supplementary Text

Figs. S1 to S16

Tables S1 to S4
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