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Photon-enhanced thermionic emission (PETE) is a novel concept of solar energy conversion in recent years.
Porous 3D graphene aerogels (GA) were prepared by hydrothermal reduction of graphene oxide (GO). The
morphology of GO and GA was characterized by scanning electron microscopy and transmission electron
microscopy respectively. The functional groups of GO and GA were characterized by Electron Microscopy
and Fourier Transform infrared spectroscopy. The PETE properties of the samples were tested by a self-
made device. Thermoelectron emission can be detected when the energy density of the excitation laser
was higher than 35 W. The efficiency of the device was between 8.14 x 107%% and 1.89 x 107°%, and
the output voltage was about 1 V. Compared with 3D graphene powder and 2D graphene in the control
group, GA has more significant and stable thermionic emission properties. GA is a promising cathode
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1. Introduction

Photon enhanced thermionic emission (PETE) was proposed in
2010(ref. 1) and developed based on the thermionic energy
converter (TEC). Compared with silicon solar cells, a PETE
device has higher theoretical efficiency,>” and its limit of effi-
ciency was estimated to be as high as 40-52%.° If the thermal
cycle is considered,® a total efficiency of 70%7 can be reached.
Previously, research into PETE has mainly been theoretical,**"
and this paper will focus on the experiment itself.

Because of high electron mobility, high light transmittance
and high thermal conductivity,' graphene has attracted much
attention since it was discovered.”® As a PETE cathode, it has
high theoretical energy conversion efficiency.** The production
of graphene is divided into the mechanical stripping method*
and the redox graphite method.'®'” For this research, the latter
method was used to produce graphene aerogel (GA) from gra-
phene oxide. The use of graphene as the cathode of PETE is
mainly inspired by a study on the light propulsion of GA."® In
the study, GA was irradiated by a high-power laser, leading to
electron emission and promoting the reverse movement of GA.
Because the laser density is very high, the graphene surface also
goes through the process of PETE when emitting electrons."**

As shown in Fig. 1, after being irradiated by laser, the elec-
trons are excited and transition to the conduction band. After
the thermalization of electrons, the Quasi-Fermi Level of GA is
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material for a PETE solar energy converter, and the conductivity of GA should be further optimized.

enhanced, which can reduce the work function of the cathode.
Thermoelectrons can then enter the vacuum level with less
energy, emit from the cathode surface, and then be collected by
the metal anode. There are three reasons why GA is chosen as
the cathode material: Firstly, the preparation process of GA is
relatively simple. Secondly, a previous study has shown gra-
phene's ability to emit electrons under laser irradiation is
significantly better than other carbon materials,'® Besides, the
open frame structure and large surface areas® of 3D graphene
allows light to be reflected multiple times inside, which is
benefit to improving the absorption rate.* In this paper, the
graphene aerogel prepared by hydrothermal reduction was
applied as the cathode and copper was adopted as the anode. In
the process of hydrothermal reduction, the hydrophilic oxygen
groups on the GO surface were consumed, hydrophilic-
hydrophobic balance enables graphene assembly to form a 3D

ource
Measure Unit

Fig.1 The process of PETE in GA surface, where Eg is the Fermi level of
graphene, Eg , is Quasi Fermi Level of graphene after irradiated by laser,
¢c1 is graphene’s work function, ¢c; is the work function of graphene
that in unstable state under the laser effect. ¢4 is anode work function,
qV is the difference of Fermi energy levels between cathode and
anode.
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framework hydrogel.”>* The graphene aerogel was prepared by
hydrogel through freeze-drying. Although graphene does not
have a bandgap, not meeting the optimal bandgap energy (1.4
eV), it can still be used as a window to exploration. The struc-
tures of PETE devices can be divided into back illumination-
type, forward-illumination type, side-illumination type,* and
hole-digging type.**?® Since the light source is a laser, the hole-
digging type is the best choice. To ensure that electrons can go
through the gap between the anode and cathode, the experi-
ment will be done in a vacuum environment of 10~ Pa, and the
data of PETE current will be obtained under 450 nm laser
irradiation.

2. Experimental

GA was prepared in the following steps. Firstly, High-purity GO
was dispersed in deionized water by the ultrasonic wave and
then put into a high-pressure reactor at 150 °C for 12 h to obtain
graphene hydrogel. Subsequently, the graphene hydrogel was
moved to the natural environment for 24 h to remove the
surface moisture. Finally, GA was obtained by drying the gra-
phene hydrogel in the vacuum freeze device. The diameter of GA
is 12 mm and the height is 5 mm.

3D graphene powder (GP) and 2D graphene (2DG) were
prepared as the control group, in which GP was soaked in
absolute ethanol and coated on a 10 mm x 10 mm copper
sheet, the thickness is 1 mm. 2DG was produced by Suzhou
Tanfeng Graphene Co., Ltd. It was deposited on a 10 mm X
10 mm copper sheet by CVD with a thickness of 0.3 nm.

To construct the PETE device, a vacuum container was self-
designed as shown in Fig. 2(a). There are two four-interfaces
electrodes on the side of the container to ensure that the elec-
trical signals can be derived external. The container is con-
nected with the vacuum system to achieve a high vacuum level.
Fig. 2(b) shows the picture of the container and GA is placed in
the center of the container. The structure of PETE devices
adopts the hole-digging type as shown in Fig. 2(c) and (d). Cu
sheet was folded into a semi-open structure to collect the

(a) Quartz Glass (b)
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Fig. 2 (a) Schematic diagram of vacuum container, (b) schematic
diagram of cathode and anode structure, (c) photo of vacuum
container, (d) photo of the device after being put into the container.
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electrons. The material of the base was polytetrafluoroethylene
(PTEF) to ensure insulation, and plastic screws were used to fix
the cathode and anode. Cathode and electrodes were connected
by wires to export electrical signals. The standard model of
PETE was calculated to explain the variation trend of current in
the experiment.

The structure of GO and GA were measured by Fourier-
transform infrared (FT-IR) spectroscopy (IRTracer-100, SHI-
MADZU) in the range of 400 to 4000 cm ™. The reduction degree
of GA was characterized by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250XI+, Thermo Fisher Scientific). X-ray
diffraction (XRD, Rigaku D/MAX 2500 V) patterns were recor-
ded with a scan range from 5° to 90° and a scan rate of
10° min~". The morphologies of GO and GA were investigated
by transmission electron microscope (TEM, TECNAI G2 F30,
FEI) and scanning electron microscopy SEM (Sigma-300, ZEISS).
When the vacuum in the container reached 10~ Pa, GA, GP and
2DG were irradiated by the laser with the wavelength of 450 nm
at different power, and I-¢ curves of the PETE device were
measured by the Source Measure Unit (2400, Keithley).

3. Results and discussion
3.1 FTIR analysis

Fig. 3(a) shows the FTIR spectra of GA and GO. GO has C-O
stretching vibration peaks at 1047 cm™* and 1207 cm™*,*” C=0
stretching vibration peaks at 1628 cm ™" and 1730 cm™*,*” and
O-H stretching vibration peak at 3383 cm™".* By comparison,
GA shows lower transmittance, and the enlarged spectrum is
illustrated in Fig. 3(b). It can be seen that the O-H absorption
peak in GO disappears after the reduction reaction, and C=0
absorption peaks were greatly weakened. Meanwhile, C=C
stretching vibration peak at 1568 cm ™' is observed, which is
assigned to the characteristic vibration mode of graphene.*

3.2 The reduction degree of GA

XPS spectra of GO and GA are shown in Fig. 4. Fig. 4(a) is the
survey spectra of GA and GO. The O1s peak of GA decreased
significantly. Fig. 4(b) and (c) show the high-precision C 1s
region of GO and GA respectively. From Fig. 4(a), the peak of C
sp?, C sp®, C-O bond and C=O bond was founded at the
binding energy of 283.8 eV, 284.54 eV,*** 285.6 eV and
287.2 eV.*> The atomic concentration can be obtained from the
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Fig.3 (a) FTIR curve of graphene and graphene oxide, (b) the enlarged
curve of graphene.
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Fig. 4 XPS spectra of GO and GA, (a) is the XPS survey of GO and GA,
(b) is the C 1s scan of GO, (c) is the C 1s scan of GA.

peak area ratio, the atomic concentration of the C-O bond was
the highest, it was 45.99 at%, C sp>, and C sp® were 28.90 at%
and 20.26% respectively. In Fig. 4(b), C sp”, C sp*, C-O bond and
C=0 bond were at 283.8 eV, 284.8 eV, 286.0 eV and 287.9 eV
respectively. Compared with GO, the atomic concentration of C
sp® in GA increased significantly to 70.73 at%, the atomic
concentration of C sp® decreased to 15.74%, C-O decreased to
5.78%, and the atomic concentration of C=0O bond remained
basically unchanged at 5.97%.

3.3 XRD characterization of GO and GA

The XRD spectra of GO and GA are shown in Fig. 5, GO that was
not dispersed by ultrasound appeared a (0 0 2) strong diffraction
peak at 26 = 9.30(ref. 33 and 34) and its FWHM was 0.566° (10)
diffraction peak at 26 = 42.85 shows that GO and GA have short-
range order features.** Bragg's equation and Scherrer's equation
were used to calculate layer (d) spacing and thickness (H) of GO
respectively. As a result, the d was about 1.03 nm and the H was
about 0.85 nm, which indicates that most GO sheets were

single-layer. After thermal reduction, GA showed the
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Fig. 5 XRD spectra of GO and GA.
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Fig. 6 (a) TEM morphology of GO, (b) SEM morphology of GA.

characteristics of an amorphous state, it may be related to the
curling deformation of graphene sheets during the reaction.

3.4 Electron microscope characterization of GO and GA

Fig. 6(a) shows the TEM morphology of GO. After ultrasonic
dispersion, monolayer GO is clearly seen with the diameter of
650-800 nm. When GO was reduced to graphene in water,
graphene fragments were automatically assembled into gra-
phene hydrogels by van der Waals force. Fig. 6(b) shows the
assembled network structure of GA, and the thickness of gra-
phene fragments is still small. The network structure can
reduce the light reflectivity on the cathode surface, resulting
a high light-trapping performance.** Besides, the network
structure improves the conductivity of cathode by reducing the
electrons loss during transport.

3.5 Photon-enhanced thermionic emission response of GA

When the GA, GP and 2DG was irradiated by different power
450 nm laser, electrons escaped from the cathode surface. The
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Fig. 7 (a) Is the /-t curve of GA, (b) is the /-t curve of GP, (c) and (d) is
the /-t curve of GA and GP in different laser power respectively. (e) Is
the /-t curve of 2DG, (f) is the relationship between PETE current and
laser density.
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Fig. 8 (a) The /-V curve after bias voltage is applied to the source
meter, (b) the schematic diagram of GA resistance test.

curve collected by the measure unit was shown in Fig. 7(a)-(e).
Fig. 7(a) and (c) show the I-t curve of GA under different powers.
Fig. 7(b) and (d) show the I-t curve of GP under different powers.
Fig. 7(a) and (c) show that when the laser power is lower than
1.65 W, the anode could hardly receive any electrons. When the
laser power reaches 1.65 W, the source measure unit detected
an obvious current, which was 98 nA, and the response time was
less than 0.2 seconds. With the increase of laser power, the
PETE current increased rapidly until up to 6290 nA, and in that
case, the laser power was 4.95 W. Fig. 7(b) and (d) indicate that
under the irradiation of lower laser intensity (1.65 W), GP had
the same performance as GA. It is the first time that GP has been
found to have the ability of PETE. When the laser intensity is
1.65w, the PETE current is 96 nA, which is roughly the same as
GA. With the increase of laser power, the PETE current of GP
does not increase regularly and it even decreased when the laser
power is 3.30 W. The reason for this phenomenon may be that
graphene will be pushed under laser irradiation, while the
structure of GP is relatively loose and cannot maintain a stable
shape when it was irradiated. Fig. 7(e) shows that 2DG can
hardly generate PETE current at the laser power of 5.5 W.

To show the relationship between laser and current intui-
tively, the laser power was conversed to energy density as the
abscissa according to the laser illumination square, and the
current was the ordinate, as shown in Fig. 7(f). Fig. 7(f) shows
that the PETE performance and stability of GA are better than
GP and 2DG. Under the irradiation of the high-intensity laser,
the emission capacity of GA can increase steadily. When the
density of 450 nm laser was lower than 35 W cm™ 2, the
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Fig. 9 (a) Is the /-t curve of GA irradiate by 5.5 W laser, (b) is the
theoretical efficiency curve of the PETE devices.
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thermoelectrons did not have enough energy to overcome the
work function of GA and GP.*” This phenomenon was similar to
the previously reported.*® In early work, graphene was irradiated
by concentrate light by a solar simulator. Although the total
power of incident light was about 3 W, which was much higher
than the threshold laser power: 1.65 W, the source measure unit
cannot defect any current. Compared with GaAs, GA needs more
energy to emit electrons in the PETE process. GaAs only need
6.4W cm™ 2% In addition to the work function of the cathode,
two factors are affecting the light threshold of electrons emis-
sion: the first point is that graphene does not have bandgap,
which makes the photo-thermal conversion efficiency of gra-
phene low. According to theory, the optimum bandgap of the
cathode material is 1.4 eV." Another point is that Cs steam is not
used in this experiment, because the adsorption of Cs atoms on
the cathode surface can effectively reduce the work function and
space charge effect.®®

3.6 Energy conversion efficiency of the device

When the laser power was 5.5 W and the PETE current tended to
be stable, bias voltage was put on the device and the current-bias
curve was obtained by the source measure unit. The curve is
shown in Fig. 8(a). Short-circuit current of GA in the device was
2650 nA. When the reverse voltage was —1 V, the current dis-
appeared. It can be concluded that the open-circuit voltage of the
device was 1 V. According to the formula (1) of photovoltaic cells:

Prax = VoclscFF (1)

where P, is the maximum power of the solar cell, V¢ is the
open-circuit voltage, Isc is the short-circuit current, and FF is
the fill factor.

When the bias was —0.387 V, the green region of Fig. 8(a) was
the largest. In that case, the filling factor was 0.169, the power of
the device was 448 nW and the laser power was 5.5 W and the
device efficiency is 8.14 x 10~ °%. The efficiency of the device
can also be calculated according to the following formula (2):**¢

Prere = (Jo — Ja)l(@0c — pa)e + Vil (2)

where Pperg is the output power of the device, J¢ is the current
density of electrons emitted from the cathode to the anode, J is
the current density of electrons emitted from the anode to the
cathode, and Vj,;, is the bias voltage, ¢c and ¢, is the work
function of the cathode and anode respectively. According to the
work function of graphene is 4.89-5.16 €V,* the Ppprg Was about
737-1040 nW, and the device efficiency was 1.89-1.34 x 10 °%.
The main factor of low efficiency is the massive resistance of GA.
The resistance of GA from bottom to top is 143 kQ (the measure-
ment method is shown in Fig. 8(b). The bias-scan curve of GP
device is similar to GA. According to formula (1), the output power
of GP device was 29.54 nW and the conversion efficiency was 5.18
x 10~ 7%. Since there was no current detected in 2DG device, the
current does not change with the bias and its value is near 0 nA.

A high resistance will lead to a great loss of electrons in the
process of transmission inside the cathode material.*® If gra-
phene is made thinner, the loss will be avoided, which can

© 2022 The Author(s). Published by the Royal Society of Chemistry
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improve the efficiency by 5 orders of magnitude. At the same
time, GA and the copper plate do not form a perfect contact,
which is also an important factor affecting efficiency.*

3.7 Explanation of current variation of the devices

There is a unique phenomenon in the PETE I-¢ curve: The
current decreased slightly after the laser irradiate GA for a few
seconds, as shown in Fig. 9. PETE's standard model*** may
explain this variation. In this model, the ability of the cathode to
emit electrons depends on the population in the conduction
band of the cathode n:

Jo = A*T? exp(—&> l

i) ne; (3.1)

where A* is the Richardson constant, 7T is the cathode temper-
ature, k is the Boltzmann constant, n.q is the equilibrium pop-
ulation in the conduction band. Under the laser irradiation, the
electrons concentration of the conduction band is

n=dn+ neq (3.2)
dn is the nonequilibrium population. According to the deriva-
tion,*" dn can be expressed as:

dn— 1 b+ T 2+
2 Peq T Meg qneqBL

.
Deq eq ql’lquL

where p.q is the concentration of holes in equilibrium,*! L is the
thickness of the cathode, g is the single-electron charge, I'gy, is
the flux of photons per area, Jr is the current density of
thermionic emission, B is the rate of radiative recombination, it
can be expressed as formula (3.4):

4Fsun
BL

(3.3)

- 1 27 ® (hv)2
- NegPeq M3 Jo exp(hv/kT) d(hv) (3.4)

_ gxT2 P
et eXp< kT) (3-5)

where Av is photon energy, c is the speed of the light. The curve
of Jc can be obtained according to formula (3.1) to (3.5), the
theoretical value of Ppgrg can be obtained by putting jc into
formula (2), and the energy conversion efficiency of the device 5
can be calculated by formula (3.6)

_ P PETE
P Laser

(3.6)

The results are shown in Fig. 9(b). According to the PETE's
model, the efficiency of the device increases rapidly with the
increase of temperature. Meanwhile, the Fermi level of cathode
material increases slightly, resulting in the decline of the effi-
ciency.®* When the temperature further increases, pure therm-
ionic emission dominates and the efficiency improves again.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

Graphene aerogel was prepared by hydrothermal reduction of
GO with a diameter of about 650-800 nm. In the PETE experi-
ment, the electron emission ability of GA was significantly
affected by the laser density. When the laser intensity of 450 nm
was greater than 35 W cm™ %, the PETE current can be detected
by the source unit. In conclusion, the density of light is an
important parameter affecting the emission ability of the
cathode. The output power of the device was about 448-1040
nW, and the conversion efficiency was 8.1 x 10 ° to 1.8 x
107 °%, it depends on calculation methods. Low efficiency is
mainly caused by the loss of electrons in the cathode. If gra-
phene can be deposited on the substrate by advanced method, it
can form good contact with the load and the resistance will drop
by 5 orders of magnitude, the efficiency may get promotion
obviously. Therefore, maybe graphene is not the best choice, the
optimization of cathode structure is still a way worthy of
exploration. In addition, GP also shows the ability of PETE,
although it is not stable compared with GA, which may make
graphene used in a wider use.
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