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Xin Zhang , Yi Xiong, Yee Sin Ang , Member, IEEE, Lay Kee Ang , Fellow, IEEE, and Juncheng Guo

Abstract— The unusual electronic properties of
3-D topological Dirac semimetals have led to intensive
research efforts focusing on their potential applications in
high-performance electronic, photonic, and optoelectronic
devices. In this work, we propose a conceptual design of
thermionic energy converters (TECs) based on a Cd3As2
anode with significantly improved performance. Using the
electronic properties of Cd3As2—an air-stable topological
Dirac semimetal—from first-principle density functional
theory (DFT) calculation, such a device can achieve a
maximum output power density and conversion efficiency
of 10.96 W/cm2 and 57.29% at 1800 K, respectively. The
advantages of topological Dirac anode over conventional
metal- and graphene-based TECs are revealed. This work
opens an exciting route toward high-performance energy
converters via the union of topological material and
thermionic devices.

Index Terms— Dirac semimetal, finite-time thermodynam-
ics, parametric selection criterion, performance optimiza-
tion, thermionic emission.

I. INTRODUCTION

THERMIONIC energy converters (TECs) [1]–[3] are a
class of static heat engines without any moving parts that

directly convert heat into electricity by driving electrons across
an inter-electrode vacuum gap, thus enabling high conversion
efficiency and small scale. In TECs, the fundamental energy
conversion process is based on thermionic emission [4]–[7],
that is, the electron evaporation from solid conductors driven
by high-temperature heat (typically larger than 1000 K), which
leads to the electrons escaping from the material surface of
the hotter cathode. Simultaneously, these emitted electrons
travel through the vacuum gap and then are collected by a
colder anode, which is connected with the cathode through
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an external electrical loading, thus resulting in electric power
generation. The excellent ability of thermionic energy conver-
sion in the TEC to generate high power density and conversion
efficiency originates from its unique architecture and working
principle [8]–[10], which distinguishes them from several
direct heat-to-electricity power generation technologies such
as thermoelectric generator [11]–[15] and thermophotovoltaic
devices [16]–[18]. Unlike thermoelectric generators based on
the Seebeck effect that employs a semiconductor p-n junction
between the hot and cold sides, TECs fabricated by a metal
electrode and a thin inter-electrode vacuum gap avoid exces-
sive parasitic internal heat loss and allow TECs to operate at
higher temperature ranges. Different from thermophotovoltaic
devices, TECs can directly generate thermionically electric
current via electrons emitted from the cathode [19], thereby
offering enough possibility for much higher output power
densities (up to 10–100 W/cm2) within fewer components and
smaller form factors [20]. Many new ideas for improving the
performance of TECs have been proposed recently. An innova-
tive thermionic conversion mechanism called photon-enhanced
thermionic emission (PETE) was presented in solar applica-
tions [21], which combines the thermionic and photovoltaic
effects by using the per-quanta energy of photons to alter
the electron energy distribution within the cathode and drive
the electron flow. Furthermore, more hybrid mechanisms that
rely on both electrons and photons were proposed, such as
hybrid thermionic–thermoelectric converters [22], [23] and
thermionic-enhanced photovoltaic devices [24], [25]. Today,
these emerging approaches are the most important competitors
for conventional TECs.

Since the practical TEC was first reported [26] in 1959,
numerous continuous efforts have been made to its develop-
ment in practical application [27]. Unfortunately, high anode
work function and negative space-charge effect existing in the
vacuum gap are two main obstacles toward realizing successful
commercialization. As a consequence, the reported energy
conversion efficiency of TECs still so far remains below 15%
and power densities on the order of mW/cm2 or less [1]. One
of the challenges is the high work function of conventional
anode materials reducing the output voltage and so as the
output electric power. To date, the lowest work function of
materials reported is in a range of about 1 eV and most
TEC prototypes have achieved low work functions for their
metallic electrodes using a submonolayer alkali metal (usually
cesium) coating [1]. Theoretically, K on WTe2 induces the
largest surface dipole moment, which consequently makes the
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surface work function as small as 0.8 eV, the smallest reported
to date, and that the work function is lowered further to 0.7 eV
by lattice strains [28]. Many explorations related to novel
electrode materials and designs of TECs have been reported
for improving the performance of TECs. Fortunately, these
progress were achieved recently to employ 2-D materials (sus-
pended graphene cathode [29], [30] and anode [31], [32]) in
the design and manufacture of TECs for improving the perfor-
mance of TECs. With regard to graphene, its non-Richardson
thermionic emission behavior reveals that the conventional
Richardson–Dushman (RD) law applying for 3-D solid metal
or semiconductor no longer holds for graphene due to the lin-
ear energy dispersion of massless Dirac fermions in monolayer
graphene [29], [33]. A recent experiment demonstrated that the
TEC with a cesiated and electrostatic gated graphene anode
(with an ultralow work function of 1.01 eV) makes a remark-
able improvement in the efficiency of TECs compared to that
with a tungsten (W) anode [31]. Nevertheless, such a device
prototype produces low output power density (13 mW/cm2)
and conversion efficiency (0.09%). Despite the free-standing
graphene characterized by high electron mobility, excellent
electric conductivity, and near-perfect transparency [32], its
thermionic emission ability is limited because of a vanishing
density of states (DOSs) and thermionic electron emission
would be largely affected by the substrate [34]. Therefore,
it is necessary to find new feasible anode materials to meet
the demand for more efficient thermionic energy conversion.

Recent advancements of 3-D nodal point semimetals, such
as cadmium arsenide (Cd3As2) [35], sodium bismuthide
(Na3Bi) [36], tungsten ditelluride (WTe2) [37], and antalum
arsenide (TaAs) [38], reveal exciting opportunities in the
optical and electronic device applications. In topological Dirac
semimetals, such as Cd3As2 and Na3Bi, its unique 3-D Dirac
conic electronic band structure shall linearly disperse in all
three xyz-directions, which exhibits a 3-D structure analog
of the 2-D monolayer graphene [39] and has led to myriads
of exotic electron or heat transport properties. With regard to
thermionic electron emission and its related device applica-
tions [40], the linear energy band structure has been theoreti-
cally predicted to represent the non-RD phenomenon [5], [41].
Such a distinguishing feature could be more advantageous
than graphene and conventional materials in terms of solid-
state thermionic cooling [42], [43]. To sum up, Cd3As2 is
expected to become a promising candidate of anode material
for enhancing thermionic energy conversion and improving the
TEC performance. Nevertheless, for vacuum-based thermionic
power generation devices, TECs with a Cd3As2 anode have
not been investigated thus far. Correspondingly, the theoretical
thermodynamic limit, optimal performances, and parametric
design strategies of Cd3As2 anode TECs are some of the
critical questions that urgently need to be addressed. More
importantly, the thermionic emission involves high-energy
electrons far beyond the description of a simple 3-D Dirac
conic band structure. The accurate modeling of thermionic
emission theory for Cd3As2 in the high-temperature vacuum
thermionic devices thus requires more realistic electronic prop-
erties of Cd3As2 beyond the simple Dirac cone model. Note

Fig. 1. (a) Schematic of a TEC system with the Cs-coated tung-
sten (W) cathode and Cd3As2 anode for electric power generation.
(b) Corresponding energy level of the Cd3As2-based TEC, where Evac
denotes vacuum energy level. (c) Full band (FB) structure of Cd3As2.
(d) Ratio (JRD/JFB) of thermionic emission current densities from
Cd3As2-vacuum interface using the RD law and our FB model as a
function of the temperature for different interface potential heights Φ,
such as 1, 1.5, and 2 eV.

that apart from Cd3As2, the topological semimetal Na3Bi is
also widely studied and explored for device applications [36].
However, as Na3Bi is unstable under ambient air conditions,
the application of such materials in practical thermionic
devices is greatly limited.

In this article, we propose an updated design of TECs
that uses Cd3As2 instead of metal or monolayer graphene
as the anode material by explicitly including the electronic
properties of Cd3As2 calculated using the first-principle den-
sity functional theory (DFT) simulation [44]. To gain insights
into the limiting factors of device operation and to improve
the performance of the proposed TECs, we investigate the
maximum power density (MPD) and maximum conversion
efficiency (MCE) under different device operation parameters,
such as the emissivity, heat transfer coefficient, work function,
and Fermi level. Importantly, we calculate the MPD and MCE
based on the first-principle electronic properties of Cd3As2,
which deviates significantly from that obtained using the over-
simplified Dirac cone model. This finding thus highlights the
importance and necessity of incorporating full-band electronic
band structures of Cd3As2 when modeling the TECs.

II. MODEL DEVELOPMENT

Fig. 1(a) illustrates a schematic of the proposed TEC sys-
tem, which consists of a metallic cathode made of tungsten
(W) using a submonolayer alkali metal (usually cesium)
coating, a Cd3As2 anode, and a vacuum gap. Since the
absolute efficiency can be increased up to 40% if space-
charge losses are eliminated by using a sub-10-μm gap
between the electrodes, the vacuum gap is fixed to micrometer-
scale (i.e., 3 μm) [45] in order to obtain free space-charge
conditions in our work. A recent study reported the design,
fabrication, and characterization of thin-film alumina-based
spacers that provided robust 3–8-μm gaps between planar
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substrates and had effective thermal conductivities less than
those of aerogels [46]. The current study focuses on develop-
ing a near-ideal thermodynamical model of thermionic energy
conversion based on topological Dirac semimetal Cd3As2

to investigate its theoretical limits of performance metrics,
optimum parametric design, and the role of various device
parameters. For simplicity, we neglect the realistic different
gap-dependent effects, such as space charge, image charge,
and near-field thermal radiation between the inter-electrode
surface to focus on predicting the best performance of the
microgap TEC.

A. Thermionic Emission From Cs-Coated W Cathode
and Cd3As2 Anode

As shown in Fig. 1(a), TH , TC , TA, and TE correspond to the
temperatures of the high-temperature heat source, the cathode,
the anode, and the heat sink (or environment), respectively,
which satisfy the relationship TH > TC > TA > TE . QH and
QC are the heat flows from the heat source to the cathode and
from the anode to the environment, respectively, which can
be determined by (5). σ T 4

C and σ T 4
A are the full-spectrum

blackbody radiation corresponding to the cathode and the
anode, and σ is Stefan–Boltzmann’s constant. Upon heating
the TEC via a heat source, high-energy electrons driven by
high-temperature heat energy can escape from the surface
potential barrier of the Cs-coated W cathode into the inter-
electrode vacuum gap. Subsequently, some of the emitted
electrons are collected by the Cd3As2 anode, as shown in
Fig. 1(b). The TEC will generate an electric current and power
output when the loading is externally connected to form a loop.
The electric current density produced by the cathode can be
given by the RD equation [26]

JC = AT 2
C exp

(
− �C

kB TC

)
(1)

where A = 120 A/(cm2K2) is the RD constant, �C is the work
function of cathode [see Fig. 1(b)], and kB is Boltzmann’s
constant.

Next, we can derive the thermionic current density of
Cd3As2. The thermionic electrical and heat current densities
vertically from the surface of a 3-D electronic system are [5]

JCd3As2 = qgs,v

(2π)3

∫
v⊥(Ek)τ (E⊥) fFD(Ek) d3k (2)

and

QCd3As2 = qgs,v

(2π)3

∫
v⊥(Ek)τ (E⊥)(Ek−EF) fFD(Ek) d3k (3)

where q is the elementary charge, gs,v = 4 is the spin-valley
degeneracy, v⊥(Ek) = (1/h̄)(∂ Ek/∂k⊥) is the emitted electron
group velocity, vF is the Fermi velocity, and fFD(Ek) =
(1/(1 + exp[(Ek − EF )/(kB T )])) is the Fermi–Dirac dis-
tribution function. For thermionic emission, its transmission
probability obeys the condition of τ (E⊥) = �(E⊥−�), where
�(x) denotes the Heaviside step function. Equation (2) can be
simplified into

JCd3As2 = qgs,v

(2π)3

∫
v⊥(Ek)τ (E⊥)ξT(Ek) d3k (4)

where ξT (Ek) = exp(−((Ek − EF)/kB T )) is the semiclassical
Maxwell–Boltzmann distribution, and EF is the Fermi level.
The electronic properties of Cd3As2 enter (4) via the k integra-
tion. The k integral is transformed rewritten as d3k/(2π)3 =
D(E)d E , where D(E) is the electronic DOSs. The thermionic
current density of the Cd3As2 anode is

JA = qgs,v

∫ ∞

�A

v⊥(E)ξT (�A)D(E) d E . (5)

Here, the DOS of Cd3As2 is calculated based on the DFT
simulation [44]. The simple Dirac cone model, given by
E = h̄kvF , is only valid for the low energy–momentum
dispersion region (E < 0.2 eV). At other regimes of high
barrier heights (� > 1 eV) and high operating temperatures,
the electronic band structure significantly deviates from the
simple Dirac cones, and the Dirac cone model or linear energy
band structure is thus insufficient in describing the high-
energy thermionic emission physics of Cd3As2. Therefore,
the DFT-calculated full band (FB) structure [see Fig. 1(c)] is
required to fully capture the electronic properties of Cd3As2.
Additionally, the conventional RD law also no longer applies
to the description of thermionic emission in Cd3As2. To clarify
this point, we calculate and plot the ratio of current densities
(JRD/JFB) due to thermionic emission using the RD law and
our FB models in low-barrier regime (i.e., � = 1, 1.5,
and 2 eV), as shown in Fig. 1(d). For fixed � = 1 eV,
the RD model severely underestimates the electrical current
densities by approximately ∼9 times than the FB model in
the temperature range from 300 to 800 K. The simple RD
model in (1) is only well suited for the modeling of thermionic
emission mediated by electrons with energetic energy ∼4.5 eV,
where JRD/JFB = 1. The FB model in (4) must be used for the
thermionic emission in low-barrier Cd3As2-vacuum interface
(from 1 to 2 eV) in the proposed TEC, so as to produce
more accurate modeling results. The heat current density of
the Cd3As2 anode under full-band model can be numerically
solved as

Q A = qgs,v

∫ ∞

�A

v⊥(E)(E − EF)ξT (�A)D(E) d E . (6)

B. Output Power Density and Conversion Efficiency of
the TEC

The net current density, J , is the difference between the
thermionic current densities from the cathode and the anode,
that is, J = JC − JA. Considering the convection and radiative
heat transfer between the cathode and the heat source, the
anode, and the heat sink, QH and QC are governed by

QH = h(TH − TC) + εσ
(
T 4

H − T 4
C

)
(7a)

QC = h(TA − TE) + εσ
(
T 4

A − T 4
E

)
(7b)

respectively, in which h is the heat transfer coefficient and
ε represents the effective emissivity of the material surface.
From the thermodynamic conservation law, the energy balance
for the cathode and anode can be, respectively, written as

QH = QTher + QRad (8a)

QC = (JC − JA)�A + 2kB JC TC − Q A

q
− QRad. (8b)
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Here, QTher = [(JC − JA)�C + 2kB JC TC − Q A]/q is the net
energy flux carried by thermionically emitted electrons from
the cathode to the anode. QRad = εσ(T 4

C − T 4
A) is the net

radiative energy flux due to radiative heat transfer between
the inter-electrode surface.

From the above equations, the output electric power density
P (W/cm2) generated by the TEC is given by

P = J (V − J RS) (9)

where V = (�C − �A)/q is the output voltage and RS is
the series resistance. J RS corresponds to the voltage drop
associated with electrical resistance in the TEC. The inevitable
existence of RS lowers the effective voltage applied to the
electrode. The conversion efficiency of TECs is defined as the
ratio of the power density P to the total input heat flux QH ,
that is,

η = P

QH
. (10)

III. RESULTS AND DISCUSSION

A. Performance Characteristics and Parametric Optimum
Design

The content in this section is organized as follows: First,
we present the main simulation parameters of the TEC device.
Second, we study the performance characteristics and deter-
mine the optimal working regions and parameter design in
terms of the TEC device. Subsequently, the effect of the
effective emissivity and the heat convection coefficient on the
maximal electric power generation and conversion efficiency
are analyzed. Finally, to theoretically demonstrate the potential
advantage of our proposed device, we calculate and compare
the maximum power densities and maximum conversion effi-
ciencies of four TECs based on different electrode materials.
In the following discussion, the temperatures of the heat
source and the heat sink are set to be TH = 1800 K and
TE = 300 K, respectively. A heat-transfer coefficient h =
0.1 W/(cm2 K) (available upper limit of the heat-transfer factor
for cooling by free convection) and an effective emissivity of
ε = 0.1 are chosen. To obtain high thermionic emission at
practically achievable temperatures, the cathode work function
(Cs-coated W) is set to �C = 2.5 eV, RS = 0.1 � cm2, and the
Fermi level of Cd3As2 is EF = 0.1 eV [41], [47]. During the
calculation, these key parameters are fixed unless otherwise
stated. Note that the anode work function �A can be deter-
mined by the relationship �A = �C −qV . By using (1)–(10),
J , JC , JA, TC , TA, P , and η as a function of V can be obtained,
as shown in Fig. 2(a)–(c), respectively. First, we can derive
the current–voltage characteristics of TECs [see Fig. 2(a)].
In the low V region, J , JC , and JA remain unchanged
with V because JC is constant and dominant. During this
process of thermionic emission, all emitted electrons from the
cathode due to thermionic emission can reach the anode. As
V gradually rises larger than 2 V, JC and JA generated by
the cathode and anode rapidly increase. Since JA is growing
faster than JC , the TEC is an open circuit. As a consequence,
two key parameters that the short-circuit current density

Fig. 2. (a) Net current density of TECs J, the current density of the
cathode JC, and the anode JA, (b) cathode temperature T C and the
anode temperature T A, (c) output power density P and the conversion
efficiency η of the TEC as a function of output voltage V for a fixed heat
source temperature T H = 1800 K. (d) η–P characteristic curve of the
TEC, which is obtained from the data of (c).

JSC = 5.60 A/cm2 and open-circuit voltage VOC = 2.15 V
are obtained. Moreover, the electrode temperatures of TC and
TA can be determined by energy balance equation, that is,
(7) and (8). Because J decreases with V , the net thermioni-
cally heat flux QTher due to thermionic emission from the cath-
ode to the anode decreases [see Fig. 3], resulting in an increase
in cathode temperature TC . The increment of cathode temper-
ature boosts the radiative heat exchange between the cathode
and the anode, resulting in the increase of QTher, as shown
in Fig. 3. Such a loss mechanism gradually dominates the
energy flux from the cathode when the TEC is operated at
a large voltage region. Additionally, because the energy fluxes
exchange occurring in the anode is closely dependent on the
emitted energy fluxes from the cathode, anode temperature TA

decreases monotonically with the increase of output voltage.
This phenomenon is also the direct consequence of the energy
balance requirement at the anode [see (8)], as illustrated in
Fig. 3. In Fig. 2(c), the output power density P and energy
conversion efficiency η are parabolic functions of V , and they
have maximum values of Pmax = 10.96 W/cm2 at VP =
1.99 V and ηmax = 57.29% at Vη = 2.03 V, respectively,
where subscripts “P” and “η” denote the values under the state
of maximum power density (MPD or Pmax) and maximum
conversion efficiency (MCE or ηmax). Obviously, when P and
η attain their respective maximum values, there exist two
optimal values of V and the optimum region of V should
satisfy VP ≤ V ≤ Vη. As described above, we fix the
cathode work function (Cs-coated W, �C = 2.5 eV) and let
V as a variable. According to the optimal values of V and
the relation of �A = �C − qV , the optimal region of �A

can be determined. For example, one can choose the alkali-
metal-adsorbed Cd3As2 with the work function �A in the
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Fig. 3. Energy fluxes QH, QC, QTher, and QRad in the TEC as a function
of V for TH = 1800 K.

range of 0.47–0.51 eV as the anode. As a heat engine, the
theoretical efficiency of TECs is ultimately limited by the
Carnot efficiency, that is, ηCarnot = 83.33%.

Based on the data in Fig. 2(c), we can further derive the
η–P characteristic curve of the TEC device, where Pη and ηP

denote the value of P and η under the conditions of the MCE
and MPD, respectively. Operating at the regions of P < Pη

and η < ηP , P decreases with decreasing η, and consequently,
these regions are not optimal for TECs. Thus, the optimal
working ranges regarding P and η should be

Pη ≤ P ≤ Pmax (11)

and

ηP ≤ η ≤ ηmax (12)

which gives the lower and upper boundaries of the optimized
P and η. Additionally, to ensure that the device operates
in such an optimum region described above, the system
working parameters including V , TC , and TA should satisfy
the following relations:

VP ≤ V ≤ Vη (13)

TCP ≤ TC ≤ TCη
(14)

and

TAη
≤ TA ≤ TAP (15)

where TCP (TCη
) and TAP (TAη

) are the values of TC and TA

at the state of the MPD (MCE). Since J is closely related
to V , the optimal region of J , that is, Jη ≤ J ≤ JP can
be determined through J = JE − JC . Fig. 4 determines the
optimal regions of P , η, TC , TA, J , and V at the temperature
range of 1200–2000 K. It shows that (a) ηmax or MCE and ηP ,
(b) Pmax or MPD and Pη, (c) TCP and TCη

, (d) TAP and TAη
,

(e) JP and Jη monotonously increase with TH . Interestingly,
VP and Vη are not monotonic functions of TH , where exist
optimal regions of TH for them.

B. Effect of Several System Parameters

Next, we will investigate the role of the effective emis-
sivity ε, the heat-transfer coefficient h, the cathode work
function �C , and the anode Fermi energy EF in the opti-
mum performance to optimize the Cd3As2-anode TEC device.
First, we evaluate the effects of ε and h on the MPD and

Fig. 4. (a) Maximum conversion efficiency (MCE or ηmax) and the
corresponding power density (ηP), (b) maximum power density (MPD
or Pmax) and the corresponding conversion efficiency (Pη), (c) optimal
cathode temperatures TCP and TCη , (d) optimal anode temperatures TAP
and TAη , (e) optimal current densities JP and Jη, and (f) optimal output
voltages VP and Vη for different TH varying from 1200 to 2000 K.

Fig. 5. Three-dimensional projective graphs of the (a) MPD and (b) MCE
varying with ε and h; (c) MPD and the (d) MCE varying with ΦC and EF.

MCE. As shown in Fig. 5(a) and (b), the MPD and MCE
increase with increasing ε and h. For example, the MPD
and MCE reach 43.6 W/cm2 and 70% when h and ε are
set as 104 W/m2K and 0.01–0.5. The main reason for this
phenomenon is that the ability to extract heat from the heat
resource h(TH − TC) and reject heat into the heat sink
h(TA − TE ) is enhanced by increasing h, which contributes
to improving the performance of the TEC device. Note that ε
weakly affects the MPD and MCE, especially in the large
h regions. On the one hand, ε can enhance the ability to
extract heat from the heat resource εσ(T 4

H − T 4
C ) and reject

heat into the heat sink εσ(T 4
A − T 4

E ) via thermal radiation.
On the other hand, this increase in ε raises the radiative heat
transfer between the cathode and the anode εσ(T 4

C −T 4
A). This
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TABLE I
MPD AND MCE OF Cd3As2-ANODE TECS USING THE FB AND RD

MODELS FOR DIFFERENT SERIES RESISTANCES

loss mechanism shall degrade the device’s performance. Thus,
the best combination of ε is high ε at the external surface
and low ε at the inner surface. Second, Fig. 5(c) and (d)
depicts the MPD and MCE at different �C and EF . The results
reveal that �C has a significant role in MPD and MCE. More
efforts on performance improvement should be paid to the low-
function cathode, which is traditionally achieved by coating
the cathode with alkali materials, such as cesium. Additionally,
we also discuss the negative influence of the series electric
resistance on the output performance of TECs. In Table I, three
representative values of RS , such as 0.1, 0.5, and 1 � · cm2

is chosen to illustrate the effects of RS on the performance
metrics of Cd3As2-anode TECs. In general, the MPD and
MCE of the TEC decrease with the increase of RS , as shown
in Table I. These obtained results verify that lowering RS is
crucially crucial for optimizing the output performance merits
of the TEC. For a given RS , the calculated MPD and MCE
using the FB model are higher than that under the framework
of the RD law. Consequently, the FB model can provide an
improved theoretical avenue compared with the RD model for
the more accurate theoretical analysis, modeling, and optimum
design of Cd3As2-based TECs.

C. Performance Comparison of TECs Based on Different
Electrode Materials

To clarify the optimal electrode configurations of TECs,
we calculate and compare the optimal performances for
TECs operating in various electrode material configurations.
To ensure a fair assessment of potential advantages or dis-
advantages, we choose the cathode work function of 2.5 eV
and allow them to operate in the same model (same emissivity,
heat transfer coefficient, and Richardson constant as mentioned
above) where the voltage has been optimized. For graphene
cathode (III) and anode (IV), (1) and (4) should be replaced by

JC = ÃT 3 exp −�C − EF

kB TC
(16)

and

JA = ÃT 3 exp −�A − EF

kB TA
(17)

in which Ã = 115.8 A/cm2K3 [29] and EF = 0.1 eV. For
W cathode or anode, the thermionic current density is given
by (1). As shown in Fig. 6, for TH ranging between 1400 and
2000 K, the best performance is delivered by the W-Cd3As2

cathode–anode setup. For example, when TH = 2000 K,
the MPD of the four configuration is 21.61 W/cm2 (I),
20.16 W/cm2 (II), 14.63 W/cm2 (III), 20.45 W/cm2 (IV),
and the corresponding MCE is 61.41% (I), 57.17% (II),

Fig. 6. (a) MPD and (b) MCE of the four TEC devices under 1400–2000 K
heat source temperature with different electrode material configurations.
The four configurations considered are: (I) proposed TEC (W cathode
and Cd3As2 anode), (II) W cathode and W anode, (III) graphene cathode
and W anode, and (IV) W cathode and graphene anode.

53.01% (III), 57.94% (IV), respectively. These obtained results
demonstrate the vital role of Cd3As2 as an anode material
for more efficient TECs. Fig. 6 also reveals that graphene-W
cathode–anode generally delivers the lowest MPD and PCE
because graphene’s thermionic emission current is inherently
low due to the vanishing DOS; (II) graphene-anode setup
has a better performance than the W-anode because the
thermionic current backflow from graphene is relatively low.
The performance data of the Cd3As2-anode TECs outlined
in Figs. 2–6 provide an essential design guideline for the
practical implementations of TECs, in which different per-
formance characteristics can meet the varying demands of
industrial and domestic energy conversions. More importantly,
the predicted MPD and PCE shall serve as helpful benchmark
values for improving the experimental design of TECs in
future investigations.

IV. CONCLUSION

In conclusion, we propose a high-performance TEC enabled
by the Cd3As2 anode for harvesting high-temperature thermal
energy. Correspondingly, a theoretical model is developed to
study its performance characteristics and optimum parametric
design. The obtained results are summarized as follows.

1) When operated at the temperatures of heat source
(1800 K) and heat sink (300 K), the Cd3As2-anode
TEC yields the MPD of 10.96 W/cm2 and the MCE
of 57.29%.

2) Making trades-off between the output electric power
density and the conversion efficiency, the performance
optimization and parametric selection criterion of the
TEC under different working temperatures are provided.

3) The effects of ε, h, �C , and EF on the optimal perfor-
mances of the system are discussed. The results reveal
that decreasing ε, increasing h, lowering �C , and EF

can significantly improve the TEC performance.
4) By comparing the optimum performance of various

combinations of metal, graphene, and Cd3As2 in the
cathode–anode configurations of TECs, Cd3As2 as an
anode material delivers the highest output power density
and conversion efficiency, thus revealing the role of
Cd3As2 as a critical enabler to achieving more efficient
TECs.
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The obtained results in the present work can provide a
theoretical basis for the optimal designs and energy manage-
ment strategies of novel thermionic power generation systems.
Furthermore, these findings provide new insights for designing
high-performance TECs for cleaner and more sustainable
energy sources.
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