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Supplementary Figure 1: Heat capacity associated with phase change. Specific heat data obtained for
two samples (Ni/G/OD and OD) at a temperature scan rate of 5 °C min’* using DSC. Experimental details
provided in Supplementary Methods section below.
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Supplementary Figure 2: Raman spectra for pure and graphene-modified metal foams. a) Raman
spectra for pristine Ni foam and Ni foam with multi-layer graphene, Ni/G. b) Raman spectra for pristine

Cu foam and Cu foam with multi-layer graphene, Cu/G.
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Supplementary Figure 3: Thermal conductivity of thin copper control samples. a) Thin slab results
and fit residuals for thin (1.5 mm), square samples of solid copper (area 25 cm?). The predicted thermal
conductivity, as obtained from the fitted slope, is 385.7 W m* K. Measurement settings: P, = 1.2 W, 1
second time interval for measurement, analyzed data points 50-100. b) Photo of the square, solid copper
samples measured in a). Scale bar: 1.5 cm.
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Supplementary Figure 4: Thermal conductivity of high effusivity materials. Ni/OD: P, = 100 mW,
10 second time interval for measurement, analyzed data points 40-100. Calculated k = 2.8525 W m* K1,
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Supplementary Figure 5: Thermal conductivity of high effusivity materials. Ni/G/OD: P, =
100 mW, 10 second time interval for measurement, analyzed data points 40-100. Calculated k = 3.5569
W mtK2
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Supplementary Figure 6: Thermal conductivity of high effusivity materials. Cu/OD: P, = 100 mW,
5 second time interval for measurement, analyzed data points 75-150. Calculated k = 9.6111 W m?* K,
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Supplementary Figure 7: Thermal conductivity of high effusivity materials. Cu/G/OD: P, =

100 mW, 5 second time interval for measurement, analyzed data points 75-150. Calculated k = 10.5992
W mtK
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Supplementary Figure 8: Effusivity heat map based on theory. A heat map generated from
Supplementary Eq. (11) for an OD-based metal foam composite. The effective thermal effusivity eq IS
plotted as a function of the metal foam’s porosity ¢ and pure metal thermal conductivity k,,. The markers
Ni, Cu, and 95% indicate the locations for our Ni and Cu composites.
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Supplementary Figure 9: Closed circuit simulated resonator experiments. a) Schematic of the setup
used to simulate the oscillating temperature environment in Figs. 3 and 5. A U-shaped copper strip
(thickness ~ 1 mm) is contacted with a temperature-controlled, programmable stage (Temperature
Controlled Microscopic Stage from Linkam Scientific) to provide parallel oscillating temperature
boundary conditions to a thermal resonance device. The copper strip is in direct contact with the
thermoelectric on one side, and on the opposing side, the copper strip contacts thermal mass 1. The output
closed-circuit voltage of the thermal resonance device is monitored over a 1.5 Q resistor. The locations of
K-type thermocouples encased in thin Kapton films are also shown, which are used to measure the input
temperature oscillations to the thermal resonance device. b) Photo of the simulated, oscillating
temperature environment setup for the thermal resonator that is depicted in a). Scale bar: 1 cm. ¢) Input
temperature oscillations for a thermal resonator control, which corresponds to a bare thermoelectric in the
absence of thermal masses 1 and 2. d) The power output of a thermal resonator control, which
corresponds to a bare thermoelectric in the absence of thermal masses 1 and 2.
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Supplementary Figure 10: Simulated resonator designs. a) Schematic of the thermal masses (1)
employed to generate the data in Figs. 3 and 5. All masses had a cross-section (1.5 cm x 1.5 cm) with a
varying length (L1). b) Schematic of the thermal mass 1 used to generate the data in Figure 3. A hollow
polyvinyl chloride (PVC) rectangular prism with thin copper tops was used. The phase change material —
in the case of our composites — was stacked in parallel with the heat flow to more closely reflect the
measured thermal effusivities. L; was constant for these devices at 1.3 cm. For non-phase change
materials (e.g., Teflon, wood, etc.), the same dimensions were used for the pure material. c) Schematic of
the thermal mass 1 used to generate the data in Fig. 5. A hollow PVC rectangular prism with thin copper
tops was also used. The phase change material (Ni/G/OD) was stacked in series relative to the direction of
heat flow. This was for ease of fabrication, as the devices lengths were varied significantly and reached
quite small dimensions. d) Photos of the devices (without copper tops) shown in a) b) and c). Cu refers to
the Cu/G/OD composite and Ni refers to the Ni/G/OD composite. T refers to a composite arranged as in
b). & refers to a composite arranged as in ¢). Scale bar: 1 cm.
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Supplementary Figure 11: Average resonator power output across designs. a) The time-averaged
power output of the thermal resonance devices in Fig. 3g as a function of the material’s thermal
conductivity. Legend: (1-styrofoam, 2-neoprene foam, 3-wood, 4-PVC, 5-Teflon, 6-neoprene rubber). b)
The time-averaged power output of the thermal resonance devices in Fig. 3g as a function of the
material’s thermal capacity. Legend: (1-styrofoam, 2-neoprene foam, 3-wood, 4-PVC, 5-Teflon, 6-
neoprene rubber) (Supplementary Methods).
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Supplementary Figure 12: Open circuit simulated resonator experiments. a) Schematic of the
experimental setup for measuring the open circuit voltage output and performance of a thermal resonator.
Two 1.5 cm x 1.5 cm Bi,Tes commercial thermoelectrics are connected in parallel to a potentiostat and
supply identical, oscillating temperature boundary conditions to either side of the thermal resonator. An
additional 1.5 cm x 1.5 cm Bi,Tes thermoelectric, acting as a heat engine, is inserted between specifically-
paired thermal masses 1 and 2. An oscilloscope is used to measure the voltage output of the
thermoelectric that acts as a heat engine. b) Photo of the experimental setup described in a). Scale bar: 1
cm. ¢) Open circuit voltage data with respect to time generated with the experimental setup in a) using a
Teflon thermal mass of thickness 0.48 cm at two different temperature oscillation frequencies. d)
Experimental (@) and analytical (—) results for the open circuit thermal resonators with Teflon at various
thicknesses as thermal mass 1 (Supplementary Methods). Experimental data are fit to theory.



14 |
ws

512
<10 |
L]
= 8
g
T 6 |
£
o 4
=

2 L

0 1 1 1

0 0.01 0.02 0.03 0.04 0.05 0.06

w(s™H

Supplementary Figure 13: Input temperature oscillation frequency for simulated experiments. The
input, driving temperature fluctuation frequency (ws) for the closed circuit resonator experiments is
shown in the FFT of the input temperature fluctuation data above.
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Supplementary Figure 14: Diurnal resonator reduced to practice. a) A schematic of the OD diurnal
thermal resonator employed in Fig. 6. b) A schematic of the Ni/G/OD diurnal thermal resonator employed
in Fig. 6.



Supplementary Tables:

Supplementary Table 1: Raw data for effusivity master plot. Data used to construct the master plot of
effective thermal effusivity for phase change materials measured in the literature and this work, which is
shown in Fig. 2. ‘References’ correspond to reference numbers in the main text and Fig. 2. ‘Sl
References’ refer to the Supplementary References. Results are confined to isotropic and ambient phase
change materials (transition temperature T* occurring between 20 and 40 °C), for which volume-specific
latent heat and thermal conductivity are reported. The four data points enclosed in the ellipse refer to this
work for graphene-modified and pristine Ni and Cu foams impregnated with OD. The units for effective
thermal effusivity (eerr) match with the units in Fig. 2. The abbreviation EG represents expanded graphite.

This Work (Ni/OD) 2.86 0.954 27.7 215
This Work (Ni/G/OD) 3.48 0.951 180 N/A 27.7 244
This Work (Cu/OD) 9.58 13 133 N/A 27.7 413
This Work (Cu/G/OD) 10.35 13 131 N/A 27.7 42.0
35, 1 (Capric-Palmitic-Stearic/EG) 5.225 0.743 128 N/A 20 223
34, 2 (Zn(NO3),*6H,0) 0.464 1.828 147 N/A 36 11.2
34, 2 (Polyglycol E600) 0.187 1.232 127 N/A 22 54
34, 2 (Paraffin C13-C24) 0.21 0.9 189 N/A 23 6.0
34, 2 (Paraffin C18) 0.148 0.774 244 N/A 28 53
34, 2 (Mistiric-Capric) 0.164 1.018 148 N/A 24 5.0
6, 3 (RT25-RT30) 0.19 0.785 232 N/A 26.6 5.9
6,3 (OD) 0.19 0.865 244 N/A 27.7 6.3
6, 3 (CaCl,*H;0) 1.09 171 187 N/A 29.9 18.7
6, 3 (Na;SO4*10H,0) 0.3 1.46 180 N/A 32 8.9
6, 3 (Paraffin Wax) 0.514 0.83 251 N/A 32 10.3
6, 3 (Capric Acid) 0.153 1.004 153 N/A 32 4.8
6, 3 (PEG900) 0.188 1.2 151 N/A 34 5.8
36, 4 (CaCl,*6H,0 SrCl, EG) 1.8 N/A N/A 246 29 21.0

37, 5 (lauric-myristic-stearic EG) 2.51 0.55 134 N/A 29 13.6



Supplementary Notes:

Supplementary Note 1:

Apparent heat capacity associated with latent heat (Stefan formulation).

Consider a solid block that is initially (¢ = 0) entirely in the solid phase with a temperature equal to the
phase change temperature, T*, at which the solid transitions to a liquid state. For t > 0, the external
boundary of the solid block is subjected to a constant temperature, T},, where Ty, > T*. The thickness (&)
of the moving solid-liquid phase change front is found to be:®”’

5(t) = 24tY/2, 1

In the case of a heat transfer problem in which latent heat dominates sensible heat, the constant, 4, is
given by

_ (ku(Tp=T\/?
A=(5) @
where k;, refers to the thermal conductivity of the liquid phase, p refers to the density of the solid phase,
and h is the latent heat per mass.

We can derive an equation for the apparent thermal diffusivity a,y, associated with the moving phase
change front:

—(k _ 8% _ 442 _ 2kL(Tp-T")
aapp_(PCp>app_ =AM =T @)

where C, is the heat capacity. An energy conservation model based on a temperature dependent heat
capacity, which accounts for latent and sensible heat, was developed by Richardson et al. and solved
numerically for a phase change material operating in a sinusoidally varying temperature bath around its
phase transition temperature.® In the case of a Stefan number sufficiently greater than one — latent heat
dominates sensible heat — their model reduces to Eq. (5) with a thermal diffusivity related to
Supplementary Eq. (3). We estimate that our systems’ values for the Stefan number are on the order of 10
or greater, depending on the magnitude of temperature fluctuations (< 10 °C) occurring around the phase
transition temperature of our octadecane (OD) composites.®®

In general, this comparison between standard heat capacity and latent heat by the incorporation of a
temperature difference is the basis for the Stefan number, which is a common dimensionless number used
in phase change heat transfer literature.®

The above equations illustrate the apparent heat capacity associated with latent heat for a phase change
material in a dynamic environment, which operates in the vicinity of its phase transition temperature. The
manifestation of this apparent heat capacity due to dynamic phase change is shown in Supplementary Fig.
1 for pure OD. A large amplification in the standard, thermodynamic heat capacity occurs due to the
dynamic nature of the phase change. Furthermore, these equations demonstrate the applicability of a
material’s effective thermal effusivity towards evaluating its heat exchange with the surroundings when
operating in a dynamic manner around its phase change temperature.



Supplementary Note 2:

Thermal conductivity measurements of standard materials and octadecane.

The Transient Plane Source (TPS) is a transient measurement technique for determining the thermal
conductivity, thermal diffusivity, and heat capacity of a variety of types of materials.'® The standard TPS
technique has been widely employed for the measurement of phase change materials, as well as detecting
thermal conductivity enhancements after nanomaterial and metal foam additions. '3

The standard TPS measurement technique employs a plane source heating element, which also acts as a
proxy for temperature measurement. The method assumes that the plane source is immersed in an infinite
medium, and the relevant equations are shown below.

AT(D) = =2 f(t"), (4)

nzak

i\ 2
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where AT (t) refers to the temperature increase of the sensor, P, refers to the power input of the sensor, a
refers to the radius of the sensor, k refers to the thermal conductivity of the sample, t refers to time, t*
refers to a dimensionless time, n refers to the number of concentric rings in the sensor, and I, refers to the
modified Bessel function.

As can be seen from Supplementary Eq. (4), a plot of AT (t) vs. f(t*) should result in a linear relation
with the slope being related to the thermal conductivity of the sample.

This standard method was used to measure the thermal properties of the standard materials in Fig. 3g and
the pure OD sample.

We investigated the accuracy of the transient plane source technigque for measuring the thermal
conductivity of our samples by measuring the thermal conductivity of a NIST standard reference material:
expanded polystyrene board (SRM 1453).2 The certified thermal conductivity of the unit is given by
Supplementary Eq. (6).

k =0.00111 — 0.0000424p + 0.000115T, (6)

where k is the thermal conductivity (W m™ K1), p is the density (kg m?), and T is the temperature (K),
which is valid from 281 K to 313 K.

We measured an average thermal conductivity of 0.03551 W m™* K- with a standard deviation of 0.00009
W m* K* from five measurements at a temperature of 294 K with our transient plane source device. We
used the settings Po = 15 mW for 80 seconds. The average density of the expanded polystyrene board is
41.5 kg m3, and from Supplementary Eqg. (6), the expected thermal conductivity is 0.03316 W m™* K1,
Thus, we calculate an error of approximately 7% for our measurements.



Supplementary Note 3:

Thermal conductivity measurements of ultra-high thermal effusivity materials.

For the measurement of our ultra-high thermal effusivity materials, a modification of the standard TPS
theory was employed.*® This modification allows for the measurement of thin, highly thermally
conductive materials, for which the assumption of an infinite medium in all dimensions collapses. For this
method, termed the thin slab method, the highly thermally conductive, thin samples must be surrounded
by sufficient insulation, in order to direct heat transport in a single plane throughout the thin samples. The
mathematical theory for this method is summarized in Supplementary Egs. (7) and (8).

AT(D) = =2 f(t"), (7)
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where h refers to the thickness of the thin sample on either side of the sensor.

As can be seen from Supplementary Eq. (7), a plot of AT (t) vs. f(t*) should result in a linear relation
with the slope being related to the thermal conductivity of the sample.

We verified the technique on our apparatus using two thin (1.5 mm), square samples of solid copper (area
25 cm?) on either side of our sensor. The results and TPS settings are provided in Supplementary Fig. 3a,

and a photo of the samples is shown in Supplementary Fig. 3b. As can be seen, a highly linear correlation
was obtained, and the predicted thermal conductivity from this measurement was 385.7 W m* K1, which
matches very well with literature.®

As indicated, the thin slab method was applied to our ultra-high thermal effusivity materials, and the
results for Ni/OD, Ni/G/OD, Cu/OD, and Cu/G/OD are provided in Supplementary Figs. 4-7.



Supplementary Note 4:

Mechanism for thermal conductivity enhancement of ultra-high thermal effusivity materials.

We hypothesize that the thermal conductivity enhancement imparted by the incorporation of conformal
graphene on the Ni and Cu foams results from two factors: reduced thermal interfacial resistance at the
metal foam — OD interface and the ability of the graphene to bridge thermal transport across the grain
boundaries of the metal foams. We believe that the former mechanism is the main driving force, due to
the interface density of our foam and supporting literature.’

The thermal conductivities of our composites as measured via TPS are as follows — (Ni/OD, 2.9 W m* K-
B: (Ni/G/OD, 3.5 W m! K?); (Cu/OD, 9.6 W m?* K1); (Cu/G/OD, 10.4 W m* K1), If we consider the
upper bound as dictated by the Hashin-Shtrikman (HS) model,*® which yields the highest possible thermal
conductivity for an isotropic, two-phase composite, we obtain the following: (95% porous Ni foam with
OD, 3.5 W m? K1)*1618 and (95% porous Cu foam with OD 13.4 W m?! K1).%1618 These upper bounds
necessarily neglect the presence of interfacial resistance between the two phases of the composite.
Considering our experimental data for the Ni and Cu composites with OD, it is apparent that we have not
exceeded the HS upper bound, even for our graphene-incorporated composites. This fact supports the
hypothesis that the interfacial resistance is a major factor in the thermal conductivity enhancement. In
other words, if the CVD graphene had significantly altered the effective thermal conductivity of the
ligaments of the metal foam (not an interfacial effect), we would anticipate to measure an effective
thermal conductivity of the entire PCM composite that is in excess of the HS predictions provided above.
Furthermore, recent work has supported this hypothesis.!” Huang et al. also discovered a thermal
conductivity improvement via interfacial thermal resistance reduction in nickel foam/epoxy composites
with graphene oxide interfacial modifiers.'’

Using the HS upper bound for thermal conductivity® and literature values for the thermal conductivity
and latent heat of OD,° we can investigate the effect of the porosity of the metal foam on the effective
thermal effusivity. Supplementary Eq. (9) provides the HS upper bound on thermal conductivity:

2km+kOD_2(km_kOD)(p], 9)

k = K |
HS,Upper M 2km+kop+(km—kop)®

where kys ypper IS the HS upper bound on thermal conductivity, k., is the thermal conductivity of the
pure metal composing the metal foam at room temperature, kqp is the thermal conductivity of pure OD at
room temperature (0.36 W m~! K~1),° and ¢ is the porosity of the metal foam.

Supplementary Eq. (10) provides the volumetric latent heat of a metal foam/OD composite as the porosity
is varied:

(hp)egr = (hp)ope = (189 ] cm™3) g, (10)

where (hp).sf is the volumetric latent heat of the composite and (hp)gp is the volumetric latent heat of
the pure OD.°

Combining Supplementary Egs. (9) and (10) yields the effective thermal effusivity (eqsr) of the
composite:



1/2
eort = [(hp)owkm B fé’;’fﬂ] - GED
Using Supplementary Eq. (11), a heat map of effective thermal effusivity was generated for an OD-based
metal foam composite as the metal matrix and porosity were varied (Supplementary Fig. 8). It is apparent
that the effective thermal effusivity is maximized at a porosity of approximately 50%. In addition,
maximization of the thermal conductivity of the pure component metal in the foam results in thermal
effusivity enhancement. From the markers Ni, Cu, and 95%, which are present along the axes of the
figure, it can be seen that the predictions from Supplementary Eq. (11) are in strong agreement with our
experimental results. However, it should also be noted that our systems could have been further enhanced
by tuning of the porosity of the metal foam.



Supplementary Note 5:

Thermal resonator design — relating heat capacity and latent heat.

For thermal resonator design, we desire to incorporate a phase change material which is characterized by
a phase transition temperature that is equal to, or close, to the mean temperature of the temperature
fluctuations - hence the applicability of our octadecane (OD) (T* = 27 °C)° phase change composites
towards thermal energy harvesting from ambient temperature fluctuations. The apparent thermal
diffusivity associated with such a material operating in a fluctuating temperature environment can then be
calculated from Supplementary Eq. (3) with the following modification:

(Ty —T") =Ty, (12)
where T, is the amplitude for temperature fluctuations.®

We then obtain the following equations for the apparent thermal diffusivity, apparent heat capacity, and
apparent thermal effusivity:

2k.Ta
a =
app oh

h
(PCo) ypp = 377 (14)

_ ’k ph
eapp = ZLTA (15)

The effective thermal effusivity in Eq. (2) is an intrinsic property of the material, and the apparent thermal
effusivity — having identical dimensions to standard thermal effusivity — depends on the environment in
which the material is applied. Hence, the relationship between the apparent thermal effusivity and
effective effusivity — as shown below — must be applied in order to directly compare the effusivity of our
phase change composites with standard, non-phase change materials, as is done in Fig. 3g. The same logic
applies to Supplementary Fig. 11b.

: (13)

__ _Ceff
€app = s (16)



Supplementary Note 6:

Ultra-high thermal effusivity materials in thermal resonators — closed circuit experimental details.

The beneficial effects of ultra-high thermal effusivity materials towards thermal energy harvesting via
thermal resonance devices, in terms of power output, are demonstrated experimentally in Fig. 3g. Details
of the experimental setup are provided in Supplementary Fig. 9, as well as in the Methods and
Supplementary Methods. Briefly, a temperature-controlled, programmable environmental stage provided
the input, oscillating temperature boundary conditions. The input boundary conditions were monitored
using two thin film K-type thermocouples on the outer surfaces of the thermal resonator. For Fig. 3g, the
length of thermal mass 1 remained invariant (1.3 cm), while the material type was varied (Supplementary
Fig. 10a and b). The length of the dominant thermal mass was chosen such that v was sufficiently greater
than 1. This results in a constant Q (value of 1/8) and a power density solely related to the thermal
effusivity of the dominant thermal mass. Mathematical details are provided in Supplementary Note 10. A
control experiment of this setup — in the absence of thermal masses 1 and 2 — is also provided in
Supplementary Fig. 9 and shows negligible power generation, as anticipated.

As a comparison to the plot generated in Fig. 3g, we also generated plots of the average power output
with respect to the thermal conductivity and heat capacities of the thermal masses in Fig. 3g, as shown in
Supplementary Fig. 11. The results do not show an apparent trend in average power output with respect to
either variable. As previously mentioned, the apparent heat capacity for the phase change materials was
calculated with Supplementary Eq. (14).



Supplementary Note 7:

Converting thermal resonator power and voltage experimental data to a temperature difference.

The power profiles plotted for our thermal resonance devices (Fig. 3) are calculated using Supplementary
Eq. (17) by measuring the closed circuit voltage over a 1.5 Q resistor. Modeling the thermoelectric as a
voltage source, the relationship between the closed circuit voltage and temperature difference is given by
Supplementary Eq. (18).%°

VZ

P_

Rext

(17)

. ISAT

"~ (1+Rint/Rext) ' (18)
where I3 is the Seebeck coefficient, AT is the temperature difference, V is the voltage, R;y is the internal
electrical resistance of the thermoelectric, and R, is the external electrical resistance in the circuit.*® For
the thermoelectrics considered in this section and the following section, we previously determined the
internal resistance of the device to be 1.7 Q using Supplementary Eq. (18) and considering the device to
be a voltage source.?’ Supplementary Egs. (17) and (18) can be used to back calculate the temperature
difference existing across the central thermoelectric throughout the experiments using the external
electrical resistance (1.5 Q) and the Seebeck coefficient, as calculated below:

Voc = I5AT, (19)
where Voc is the open circuit voltage.®®

For our 1.5 cm x 1.5 cm thermoelectrics (Custom Thermoelectric; 03111-5L.31-03CF), we applied a
temperature difference of 16 °C (T, =51 °C; T, = 35 °C) and measured an open circuit voltage of 84 mV.
This yields an estimate of 5.2 mV K for the Seebeck coefficient.

For converting open voltage circuit data (e.g., Supplementary Fig. 12) to a temperature difference, only
Supplementary Eq. (19) is necessary.



Supplementary Note 8:

Comparison to pyroelectric energy harvesting.

The total energy (E) stored in a pyroelectric material at the end of a temperature variation (AT) is given
by Supplementary Eq. (20).2

E =22 ALAT)?, (20)

2 €33

where p is the pyroelectric coefficient, €53 is the permittivity in the direction of polarization at constant
stress, A is the area, and L is the length of the pyroelectric material. For a typical pyroelectric material —
lead zirconate titantate (PZT) — the pyroelectric coefficient and permittivity are -380 pCm=2 K~* and 2.6
x 10° C2 J71 m™1, respectively.? Inserting dimensions identical to the resonators in Fig. 3g (A=1.5 cm x
1.5 cm) and L=1.3 cm, as well as considering the amplitude of temperature and time scale of temperature
variations in Fig. 3e and 3f, we calculate an anticipated average power output of 250 uW for the PZT
pyroelectric. It should be noted that this calculation is an upper bound on the energy generated by this
pyroelectric material, as it only calculates the energy stored within the material at the end of the
temperature change and does not consider the cycle by which it is discharged.

As a comparison to more optimized pyroelectric energy harvesting materials and techniques, we consider
work from Kandilian et al.?? The authors report to harvest 100 mJ cm per cycle using a PMN-32PT
single crystal capacitors. The thermal energy was harvested using the Olsen cycle and the temperature
was varied at non-ambient conditions from 80 °C to 170 °C, a three times larger temperature change than
for our closed circuit experiments. We estimate the average power output of their device - sized similarly
to our devices and operating on a similar time scale — to be 490 uW.



Supplementary Note 9:

Thermal resonators — open circuit experimental details.

With the experimental setup shown in Supplementary Fig. 12a and b, the relationship between the thermal
diffusion time scale of the dominant thermal mass and the ideal temperature oscillation frequency was
also investigated, as shown in Supplementary Fig. 12c and d, to compare with the theoretical relationship
shown in Fig. 5a. The experimental setup shown in Supplementary Fig. 12 was used to probe the open
circuit performance of three thermal resonator designs over a broad range of temperature oscillation
frequencies. Thermal mass 2 (steel, L = 0.48 cm) was identical for all device designs, while thermal
mass 1 (Teflon) was varied in thickness (0.32 cm, red; 0.48 cm, blue; or 0.96 cm, green). All thermal
masses have a 1.5 cm x 1.5 cm cross-section (Supplementary Methods). Based on the definition of v
given in Eg. (10), we expect the ideal dimensional frequency for operation to be inversely related to the
time scale of thermal diffusion for thermal mass 1, which is reflected by the experimental data.
Furthermore, the experimental data were manually fitted to the performance factor model in Eq. (9), as
shown by the color-corresponding solid lines. The shapes of the experimental data curves show
resemblance to the fits obtained from the analytical model. The ideal frequency for thermal resonator
operation, as shown in the experimental data, along with the results of Eq. (11), were used to calculate an
average thermal diffusivity for the Teflon with a 95% confidence interval: « = (0.9 + 0.3) X

1077 m? s~ L.

Experimental data for Supplementary Fig. 12d is fit to theory by first computing the average square value
of the open circuit voltage, Va%,g, for the thermoelectric heat engine, which is related to the performance

. . AT VA VA
factor through an effective Seebeck coefficient: Q = —2f = & = Z¢
ATx 4IgTy Tgee

temperature oscillation frequency. The frequency at which I/;%,g is optimized (i.e., Q is optimized) is used
to determine the thermal diffusivity of thermal mass 1, using the results from Eq. (11). The solid line
corresponding to theory is then generated by inputting the fitted thermal diffusivity and the known length
of thermal mass 1, as well as the reference thermal diffusivity value (3.352x 107® m? s~1) and size for
the invariant steel thermal mass 2. The experimental results were then scaled to the theory by adjusting
the effective Seebeck coefficient.

. This is computed for each



Supplementary Note 10:

Theory: relationship between thermal effusivity and power output.

The derivations demonstrating the relationship between the estimated power output and the thermal
effusivity for a particular thermal resonator design and environment are provided below. For an ideally-
tuned thermal resonator, the power output is proportional to the thermal effusivity of the dominant (j=1)
thermal mass.

For a generic heat engine between two thermal reservoirs with a cold temperature (Tc) and a hot
temperature (Ty), the work (W) produced by the heat engine can be written as follows.

W =mnqu :anQC, (21)

where gy is the heat flow from the hot reservoir to the heat engine and g is the heat flow delivered to the
cold reservoir from the heat engine. # is the thermodynamic efficiency of the heat engine, which for a
thermoelectric is given below.®

_ (1 _Tc\_ VitzT-1
n= (1 TH)\/1+ZT+TC/TH ' (22)

where ZT refers to the figure of merit for the thermoelectric, which for typical commercial thermoelectrics
is approximately 1. This corresponds to thermoelectric conversion efficiencies of approximately 1%. With
this in mind Supplementary Eq. (21) can be simplified as follows.

W =nqu=nqc. (23)

Given that thermal mass 1 limits the flux entering and exiting the heat engine, the maximum power
achieved by the thermal resonator will be related to the maximum heat flux entering and exiting thermal
mass 1 (|/max|)- We can then write the maximum power density (Pmax) as follows.

Pmax = 1 Umaxl . (24)

An estimate of the time-averaged power density of the device is then given by:

Pavg = 1 |/max| Q. (25)

Derivations for |/ ,.x| are shown below. We first start with the temperature profile of thermal mass j with

respect to space and time.
Relcosh(\]%(g—xﬂ)]
]

T;(xj, t) = Ty + TaRe[e'* : (26)
Re cosh(\/%Lj)}
J
With the heat flux entering and exiting thermal mass j being given by:
= ;90

xj=0



Assuming R « 1, we focus on thermal mass j=1, and obtain the following flux entering and exiting the

thermal mass.
Iy = ko Ta /iﬂeiwftanh( /ﬁ L1> . 28)
a1 (x1

To obtain the maximum heat flux entering and exiting the thermal mass (|Jmax|), We multiply
Supplementary Eq. (28) by its complex conjugate and evaluate the amplitude.

2b, ,-2b
2 _ szzﬂ(e +e —2c052b) _ kZTZﬁ(l _ 4cos2b ) 29

Vmaxl 1A o, \e2b+e—2b+2c0s2b 1A ¢, 2cosh2b+2cos2b/ ’ (29)
)
where b = L; |—.
20,

Assuming b > 1, which is reasonable for our system, especially for an ideally-tuned resonator
2
(L1 W= 10.8), we obtain

431

wp1Cp,
Umax| = k1TA\/aEl = kiTa /;_1;)1 = Jk1p1Co1Tavw = e; Ta Vo , (30)

Pavg = 1 |/maxl @ =1 eq TA\/ZQ- (31)

With Supplementary Eqg. (31) in mind, we can evaluate the linear fit in Fig. 3g to estimate the
thermodynamic efficiency of the heat engine. Adjusting the units from the slope in Fig. 3g and accounting
for the amplitude of temperature oscillation inputs (T, = 15 °C) and the frequency of temperature
oscillations (w = 0.01 s™1), we estimate the efficiency of the thermoelectric heat engine as 0.3%. Note,
we assume a value of 1/8 for @, as discussed previously. From Supplementary Eq. (22), we calculate a
maximum thermodynamic efficiency of a typical commercial thermoelectric (ZT=1) with our boundary
conditions as 1.7%. An additional point-of-interest from Fig. 3g is the non-zero intercept shown by the
experimental data (~50 uW). We postulate that this is due to heat leakage via natural convection of air at
the interface of the bismuth telluride thermoelectric material and the ceramic plate to which it is adhered.
An estimate for this intercept can be made according to Supplementary Eq. (32):

Pavg = 1 |/max| @ =77}=1TA Q, (32)
where £ is a heat transfer coefficient, which is approximately 10 W m? K- for natural convection in air.®

From Supplementary Eqg. (32), we estimate the intercept to be 72 uW for a 1.7% efficient thermoelectric
and a performance factor equal to 1/8 (assume planar area of thermoelectric 1.5 cm x 1.5 cm).

Supplementary Eq. (31) was also used to fit the data in Fig. 5b, which shows the development of a
Ni/G/OD thermal resonator tuned to the dominant frequency mode of personal temperature fluctuations
(Fig. 4b). The experimental data points were generated by varying the length of the dominant thermal
mass (Supplementary Fig. 10c), simulating the temperature fluctuations using the experimental setup in
Supplementary Fig. 9 and recording the average power output of the device. The following lengths were
used for the Ni/G/OD thermal mass: 0.16 cm, 0.32 cm, 0.48 cm, 0.64 cm, 0.95 cm, 1.27 cm, and 1.91 cm.
The average power with respect to time was calculated for each resonator and plotted vs. the square of the



length of the dominant thermal mass (experiment, red). The experimental data was fitted to the theory in
Supplementary Eq. (31) using nonlinear minimization in MATLAB (fmincon). The fixed parameters for
the model in Supplementary Eqg. (31) were the efficiency of the heat engine (n =0.3% - from the fit in
Fig. 3g), the amplitude of temperature fluctuations (T, = 15 °C), and the frequency of temperature
fluctuations (w = 0.01 s~ — as given by the FFT in Supplementary Fig. 13. The parameters manipulated
to obtain the fit were therefore k; and p, C, ;. The following values for the thermal conductivity and
volumetric heat capacity were obtained from the fit: k; = 0.71 Wm™* K~ and p1Cp1 =

15 MJ m~3 K™, These values correspond to an estimated apparent thermal diffusivity (4.7 x 10 m? s%)
and effective thermal effusivity (17.9 J cm®? (m s K)*/2), which can be compared with calculations from
Supplementary Eq. (13) (6.1 x 107 m? s1) and Eq. (2) (24.4 J cm™®? (m s K)™2 — also shown in Fig. 1c,
respectively. Note, these values are calculated from our latent heat, thermal conductivity, and density
measurements. The lower magnitudes of the apparent thermal diffusivity and effective thermal effusivity
are likely attributed to the stacked nature of the Ni/G/OD composites and its creation of an in-series
interfacial resistance.



Supplementary Note 11:

Diurnal thermal resonators from ultra-high thermal effusivity materials.

The heat map for diurnal thermal resonator design (Fig. 6a) was generated using Supplementary Eqg. (31),
assuming a thermoelectric efficiency of 1.1 %, a temperature oscillation frequency of w = 7 x 1075 s71,
and a temperature oscillation amplitude of T, = 10 °C, while incorporating k, /L and p,Cp, 1L, as
variables. The symbols for Ni/G/OD, OD, wet soil, and dry soil were generated as follows. The thermal
conductivities (k;) used in the calculations for the symbols in Fig. 6a for the PCM composites (OD and
Ni/G/OD) were for the solid composite — assuming a negligible change in thermal conductivity with
respect to phase. The thermal capacity was calculated for Fig. 6a for the PCM (OD and Ni/G/OD) with

(g) from Supplementary Eq. (14). L, was calculated for the PCM composites using the results from Eq.
A

(11) and assuming a thermal diffusivity (a,) given by Supplementary Eq. (13). A standard heat capacity
and solid thermal conductivity were used for the wet and dry soil calculations in Fig. 6a, with L, again
given by results from Eq. (11).2*

Detailed descriptions of the OD and Ni/G/OD diurnal resonators that were employed in a non-simulated
environment are provided in Supplementary Fig. 14.

The internal resistance of the 4 cm x 4 cm thermoelectrics (TEG2-126LDT) is calculated to be 8 Q using
a similar procedure to the one explained above for the 1.5 cm x 1.5 cm thermoelectrics. Thus, the total
internal resistance for the four thermoelectrics wired in series is estimated to be 32 Q.



Supplementary Note 12:

Convection analysis for reduced to practice diurnal thermal resonators.

The analytical model and the thermal resonator experiments using a simulated temperature environment
do not consider convection. However, for the devices reduced to practice, it can be imagined that the
power generated with high thermal effusivity materials will eventually be limited by the convective heat
transfer as the thermal effusivity continues to increase. The upper threshold for the power generation of a
convection-limited diurnal resonator is a value of interest. The average power density for such a resonator
could be described by Supplementary Eq. (33), where Jmax is now related to convection instead of
conduction. Supplementary Eq. (33) considers convection limitations by the aluminum heat fin shown in
Fig. 6b.

hA
Pavg = 1 |/max| @ = nTtZoTA Q, (33)

where A is the area of our heat engines (64 cm?), A is the total heat transfer area of the heat sink, given by
Supplementary Eq. (34), and z, is the overall heat fin efficiency, given by Supplementary Eq. (37).2°

At = NiinAfin + Afinp, (34)

where Nrin is the number of heat fins (21), Asin is the area of the heat fin, given by Supplementary Eqg. (35),
Arinp 1S the area of the bare region between fins, given by Supplementary Eq. (36).

Afin = (2Lgip + dfin) Win, (35)

where L, is the length of the fin (2.6 cm), dsin is the thickness of the fin (0.24 cm), and Wr, is the width of
the fin (13.7 cm).

Afinp = dpWein(Ngin — 1), (36)
where dy, is the bare distance between fins (0.36 cm).
NfinAfin
Zo=1- %(1 = Zfin), (37)

where zsin is the heat transfer efficiency of an individual fin, given by Supplementary Eq. (38).

P tanh(min Lfin,c)
fin = ———nfincs
m (MfinLfin,c)

(38)

where msn and Lsinc are given by Supplementary Egs. (39) and (40), respectively.

/Z(Wfin+dfin)f=l
Mo = [~ A0 7fin/ 7 39
fin Wiindsinkfin ' ( )

where kiin is the thermal conductivity of our aluminum fins (240 W m* K1),1¢

dfin
Lfin,c = Lgin + %, (40)
Plugging in the relevant values for our heat fin, assuming natural convection (71 = 10 Wm™2K™1), a heat

engine efficiency of 1%, a temperature oscillation amplitude of 10 K, and Q = 1/8, we obtain an upper

bound for the convection-limited power density of our device: 330 uW cm 2.



Supplementary Methods:

Heat capacity measurements.

The heat capacity of the materials (Ni/G/OD and OD) was measured using DSC (DSC Q100 from TA
Instruments, -10 °C — 50 °C, 5 °C min). For the reported values of heat capacity, each plot corresponds
to 1 sample with a mass of approximately 10 mg. The values were calculated using a sapphire (Al>Os)
calibration material.?®

Raman spectroscopy.

Raman spectra for Cu, Cu/G, Ni, and Ni/G were obtained using a Horiba Jobin-Yvon Raman Microscope,
with excitation at 532 nm.

Closed circuit thermal resonator experiments with environmental stage.

Closed circuit thermal resonator experiments were performed with the setup shown in Supplementary Fig.
9 (Supplementary Note 6). A U-shaped copper strip (thickness ~ 1 mm) is contacted with a temperature-
controlled, programmable stage (Temperature Controlled Microscopic Stage from Linkam Scientific)
using thermal paste to provide parallel oscillating temperature boundary conditions to a thermal resonance
device. The temperature-controlled stage is programmed to oscillate between 0 °C and 50 °C at a scan rate
of 10 °C min). Thermal contact resistances limit the upper and lower input temperatures that the thermal
resonance device achieves, refer to Fig. 3. The copper strip is also in direct contact with a thermoelectric
(Custom Thermoelectric; 03111-5L.31-03CF; 1.5 cm x 1.5 cm) on one side using thermal paste, and on
the opposing side, the copper strip contacts thermal mass 1 using thermal paste. The output closed-circuit
voltage of the thermal resonance device is monitored over a 1.5 Q resistor (impedance matched to
thermoelectric) using an oscilloscope (DrDAQ data acquisition board). A description and schematic of the
thermal masses used in Figs. 3 and 5 are provided in Supplementary Note 6 and Supplementary Fig. 10.

Thermal effusivity of standard materials.

Thermal conductivity and volumetric heat capacity data were obtained via a standard Transient Plane
Source (TPS 25008S) device with the settings shown below:

1-styrofoam [k = 0.039 W m~* K~%; pC, = 0.033 M] m™3 K] [P, = 10 mW; 40 s; points 24 — 98]
2-neoprene foam [k = 0.053 Wm™' K™%; pC, = 0.106 M] m~3 K~'] [P, = 15 mW; 40 s; points 24 — 98]
3-wood [k = 0.152 Wm™" K™; pC, = 0.454 MJ m~3 K™'] [P, = 60 mW; 40 s; points 32 — 98]

4-PVC [k = 0.231 Wm™' K™'; pC, = 1.406 M] m~ K™'] [P, = 75 mW; 160 s; points 44 — 111]

5-Teflon [k = 0.310 Wm™ K™%; pC, = 1.717 MJm™2 K] [P, = 100 mW; 80 s; points 44 — 111]
6-neoprene rubber [k = 0.452 W m™ K™%; pC, = 1.744 MJm~3 K™'] [P, = 150 mW; 80 s; points 32 — 98]

Open circuit thermal resonator experiments with potentiostat.

The open circuit frequency response of simple thermal resonator designs was probed with the potentiostat
setup shown in Supplementary Fig. 12 (Supplementary Note 9). The oscillatory temperature boundary



conditions, used to mimic ambient temperature fluctuations, for the devices were generated with Bi,Te;
commercial thermoelectrics (Custom Thermoelectric; 03111-5L31-03CF; 1.5 cm x 1.5 cm) wired in
parallel to a potentiostat (Princeton Applied Instruments Model 273A). The potentiostat was programmed
to operate in a continuous, oscillatory manner. The voltage scan rate (1 mV s —500 mV s?) and
amplitude (-1 V to +1 V) dictated the frequency of temperature oscillations that occurred at the
boundaries of the thermal resonator. The output open circuit voltage of the devices (over the central
thermoelectric) is monitored using an oscilloscope (DrDAQ data acquisition board). The Teflon thermal
masses (1) used in these experiments had a cross-section of 1.5 cm x 1.5 cm and varied in thickness
according to the legend in Supplementary Fig. 12. The invariant, low thermal resistance mass (2) was
steel with a cross-section of 1.5 cm x 1.5 cm and a thickness of 0.5 cm.
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