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ABSTRACT 
 Non-aqueous thermally regenerative flow 

battery (TRFB) has shown great promise to convert low-
grade waste heat into electricity for its high circuit 
voltage and high power density. Developing a reasonable 
porous anode electrode is essential for the fluid-solid 
interaction of the anolyte. In this study, a reduced-
graphene-oxide-modified nickel foam (RGO/NF_T) was 
developed to optimize the anode electrode structure 
and hopefully obtain a competitive performance of TRFB. 
It was demonstrated that the RGO/NF_T as the anode 
electrode with better wettability and a larger specific 
area was beneficial for the electricity generation of TRFB. 
TRFB using relatively low-cost untreated nickel foam as 
anode (TRFB-NF) obtained a maximum power density of 
105.7 W/m2, which was similar with that of TRFBs using 
RVC anode. A further 21% increase in the maximum 
power density was found in TRFB-RGO/NF_T (127.9 
W/m2). Moreover, the discharging time was extended by 
78% and the energy density was improved by 165% in 
TRFB-RGO/NF_T, in comparison with the TRFB-NF. The 
results indicated that RGO/NF_T could be a potential 
anode electrode for TRFBs having the competitive 
performance in future practical application. 

Keywords: thermally regenerative flow battery, non-
aqueous, reduced graphene oxide, maximal power 
generation. 

NONMENCLATURE 

Abbreviations 

TRFB 

RVC 

The non-aqueous thermally flow 
regenerative battery 
Reticulated glass carbon 

NF 
NF_T 
RGO/NF_T 

Nickel foam 
Pretreated nickel foam 
The nickel foam loaded with reduced 
graphene oxide 

Symbols 

I 
U 
Ps 

E 
Q 
ηQ

ηE 

Current 
Voltage 
Power density 
Energy efficiency 
Electricity capacity 
Columbic efficiency 
Energy efficiency 

1. INTRODUCTION
A large amount of the low-grade heat energy (130 ℃)

generated in industrial production and geothermal and 
solar-based systems has drawn increasing attention due 
to its potential for carbon-neutral electricity generation 
[1, 2]. According to the statistics, 20%-50% of total 
energy consumption in industries was wasted as low-
grade waste heat [3, 4]. The emission of low-grade waste 
heat would lead to a tremendous part of energy loss and 
heat pollution [5]. Harvesting low-grade waste heat is 
essential to improve the energy utilization ratio and 
prohibit emission [6, 7]. However, due to the low 
difference in temperature and the unconcentrated 
distribution, heat recovery technologies still struggle 
with poor performance. Among the various approaches 
for harvesting heat, thermo-electric conversion systems 
based on electrochemical reactions have been one of the 
most promising and widely investigated. Related 
technologies mainly include the thermo-electrochemical 
cell (TEC) [8, 9], thermally regenerative electrochemical 
cycle (TREC) [10], thermally regenerative battery (TRB) 
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[11], and direct thermal charge cell (DTCC) [12]. 
Thereinto, TRB has high open circuit voltage and power 
density, simple operation, and mild reaction conditions, 
showing great potential for development. 

In 2015, the thermally regenerative battery based on 
the reaction of copper and ammonia was first proposed 
to harvest low-grade waste heat, exhibiting a relatively 
higher electricity generation [11]. It could be divided into 
two parts, electric generation, and thermal regeneration. 

Low-grade waste heat was applied to regenerate the 
active substance, and the concentration difference of it 
between anolyte and catholyte led to the chemical 
potential. In that way, the multiple batches of electricity 
production were realized using low-grade waste heat. To 
improve the maximum power density and stability, new 
reactors, composite porous electrodes, and different 
reaction systems were studied in subsequent papers [13-
15]. To enhance mass transfer in the batteries, a flow TRB 
[16] and a fluidized-bed reactor [17] were developed, 
which improved the electricity generation performance 
of TRB. In addition, the original reaction was substituted 
for the increase in electricity generation of TRBs, such as 
copper-ethylenediamine, silver-ammonia [18], and 
copper/zinc-ammonia [19]. That led to important 
increases in TRBs. Considering the corrosion of anode 
electrodes in traditional TRB led to the decrease in 
service life and cycling stability, the composite porous 
electrode built on a stable skeleton could be the most 
possible solution [20, 21]. Although much research has 
been carried out to enhance the electric generation of 
TRBs, the low solubility of reactants still limits the open 
circuit voltage of TRBs. Meanwhile, the small difference 
in the boiling temperature of water and decomplexation 
temperature in traditional TRB would lead to the 
vaporization of water would consume more heat energy. 
To solve these problems, a non-aqueous thermally 
regenerative flow battery (TRFB) was proposed [22]. The 
solubility of reactants was improved essentially for the 
organic solvent. And the larger difference between the 
boiling temperature and decomplexation was expected 
to improve the utilization of heat energy. The working 
principle is shown in Figure 1a, and the anode and 
cathode reaction equations are as follows: 

Cathodic reaction: 
Cu2+ + e− → Cu+ 

Anodic reaction: 
Cu(s) − e− → Cu+ 

Thermal regeneration： 

2Cu(CH3CN)4
+

∆
→ Cu(s) + Cu2+ + 8CH3CN 

It is worth noting that the TRFB was not only 
regenerated by low-grade waste heat but also a direct 

charging battery storing electric energy, which lead to a 
wider potential application. However, less research on 
TRFB was performed, especially the liquid-solid flow of 
anolyte. The porous anode electrode was essential to the 
liquid-solid flow and the electrochemical reactions in 
TRFB [23]. The anode electrode was currently the 
reticulated glass carbon, which has a smaller specific 
area, lower wettability, and higher economic cost, 
limiting the enhancement and application of TRFB. 

Considering that the good conductivity and 
wettability of the low-cost nickel foam, it is expected to 
improve the electric production performance of the 
battery as a skeleton. Thus, the nickel foam with a dilute 
hydrochloric acid treatment and reduced graphene oxide 
(RGO) modification was proposed to improve the 
wettability and promote the specific area of the anode 
electrode. The physicochemical properties of different 
anode electrodes (RVC, untreated nickel foam, treated 
nickel foam, RGO-modified treated nickel foam) were 
characterized and compared, and their effects on the 
performance of TRFB were investigated. 

2. MATERIAL AND METHODS  

2.1 The preparation of the electrode 

The nickel foam loaded with reduced graphene oxide 
(RGO/NF_T) was prepared by one spot reduction, as 
shown in Fig 1b. The impurities of untreated nickel foam 
(NF) were washed away by the acetone (Chengdu Colon 
Chemicals Co. LTD) and the alcohol (Shanghai Titan 
Technology Co., LTD). And the metallic oxide on the 
surface was erased by the dilute hydrochloric acid 
(Chengdu Colon Chemicals Co. LTD, 1.2 mol L-1). Then the 
pretreated nickel foam (NF_T) was obtained after several 

washings and a vacuum drying of 3 h at 60 ℃. NF_T was 
dipped into graphene oxide dispersion (Aladdin, 1mg mL-

1, 10mL) for 20 min, and dried naturally. The process was 
repeated for 5 times to ensure the successful deposition 
of graphene oxide. Then the electrodes were immersed 
in the ascorbic acid (Chengdu Colon Chemicals Co. LTD, 
20mL, 10 mg/mL) to produce reduced graphene oxide at 
60 ℃ for 6 h. The obtained electrodes were washed 
several times with deionized water. And the RGO/NF_T 
was obtained after freeze-drying for 12 h. 
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2.2 The construction and operation of TRFB 

The compact reactor of TRFB consists of two waist 
circular chambers (20×10×2 mm) and a cation exchange 
membrane (Fumasep, FAB-PK-130), which is used to 
divide the anode chamber and cathode chamber. The 
TRFB reactor is secured by bolts through the guide plate 
(80 x 50 x 2 mm) and the end plate, with a gasket in the 
middle to prevent electrolyte leakage. The generated 
electrons were recorded by an electrochemical 
workstation through the end plate. In addition, the 
reaction chamber and the baffle are titanium plating gold 
to reduce the transmission impedance of electrons. The 
solvents of anode and cathode electrolyte are 
acetonitrile (ACN) and propylene carbonate (PC) 
(Shanghai Titan Technology Co., LTD) with a volume ratio 
of 1:1. Tetraethylamine tetrafluoroborate (TEABF4, 
Shanghai Titan Technology Co., LTD, 0.15 mol/L) is the 
supporting electrolyte in the anolyte and the catholyte. 
The nano copper slurry (Qinghe County Xindun Metal 
Material Co. LTD, 500 nm) is blended with anolyte to 
form a stable nanofluid with magnetic agitation. Cu2+ in 
the cathode solution is obtained by charging 
tetrafluoroborate tetraethylcyanide copper (I) (Shanghai 
Haohong Biomedical Technology Co., LTD., 0.1 mol /L) at 
a constant current of 35 mA. To avoid the oxidation of 
nano copper and Cu+ by air, the assembly and operation 
of TRFB should be carried out in an oxygen-free 
operating box. The volume of anode and cathode 
electrolyte of a single battery is 20 mL. And the flows 
from the electrolyte tank into the reactor chamber at a 
fixed flow rate (35 mL/min) were realized through the 
peristaltic Pump (Longer pump BT100-1J). 

2.3 Material and Methods 

Scanning electron microscopy (3400 N, HITACHI 
instrument) and Energy Dispersive Spectroscopy (EDS, 
Apollo XLT SDD, EDAX) were used to observe and analyze 

the microscopic morphology of the electrodes, which 
provided visual pore distribution on the electrode 
surface. The physical adsorption method (BET, ASAP 
2460) was used to analyze the distribution of the pore 
size and the specific surface area of the electrode. The 
polarization experiments of the battery were performed 
by linear sweep voltammetry (LSV) with an 
electrochemical workstation (Princeton). The scanning 
voltage range was set according to the open circuit 
voltage of the battery, and the scanning rate was 1 mV/s. 

2.4 Section of theory/calculation 

The output power density of the battery was 𝑃𝑠 =
𝑈𝐼/𝑆, where S was the projected electrode area of the 
three-dimensional porous electrode, 1×10-4 m2. The 
current density was calculated as 𝐼𝑠 = 𝐼/𝑆 . The 
discharging current of the battery was 15 mA, and the 
actual energy density of TRFB was calculated by 𝐸 =

∫ 𝑈𝐼𝑑𝑡/𝑉, where V was the volume of the electrolytes 
(V=20 mL). The discharge capacity of TRFB was calculated 
as 𝑄 = 𝐼𝑡 where t stands for the discharging time. In a 
non-aqueous thermal regenerative flow battery, the 
coulombic efficiency ηQ of the battery was calculated as 

 𝜂𝑄 =
𝑄𝑀

𝑛𝑚𝑉𝐹
, where Q was the discharge capacity, n was 

the number of reaction electrons, m and M was the mass 
and molecular weight of the reactant respectively, F was 
the Faraday constant, F = 96485 C/mol. The energy 
efficiency ηE was set as the ratio of the actual energy 
density to theoretical energy density during discharging, 

calculated as  𝜂𝐸 =
𝐸

∆𝐺
=

∫ 𝑈𝐼𝑑𝑡ℎ/𝑉

𝑛𝑐𝐹𝐸0
. 

3. RESULTS AND DISCUSSION 

3.1 The comparison of different electrodes 

 
To compare and analyze the microstructure of 

different electrodes visually, the scanning electron 

 
Fig. 1. The working principle of non-aqueous thermally 
regenerative flow battery (a); The construction process 
of the nickel foam loaded with reduced graphene oxide 

(b). 

 
Fig. 2. The SEM images of RVC (a), NF (b), NF_T (c), 

RGO/NF_T (d) and the EDS mapping of RGO/NF_T (C 
element (e), O element (f)); The FT-IR images of 

RGO/NF_T(g); The pore distribution (h), the specific 
surface area (i) and the economic cost (j) of different 

electrodes. 
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microscope (SEM) and energy dispersive spectrometer 
were applied and the results were shown in Figure 2(a-
d). The rough interface of RVC caused by the stacking 
particles showed a potentially high specific surface area. 
And the smooth skeleton of NF was etched to be a rough 
wrinkle structure by dilute hydrochloric acid for the 
elimination of metallic oxide on the surface. That could 
lead to an increase in the specific surface area of NF. 
After the RGO was loaded on the surface, the resulting 
porous morphology of RGO/NF_T would possibly lead to 
an increase in specific surface area and electrochemically 
active site. The electrochemical reaction surface and the 
reaction rate would be affected directly by the 
morphology of the electrodes. Moreover, the EDS and 
FT-IR tests were carried out to exhibit the uniform 
distribution of the C element and O element, as shown in 
Figure 2(e, f). The C and O were distributed uniformly on 
the nickel foam. And the rich functional groups were 
exhibited, such as the -OH group (characteristic peak 
3433), and C-O-C (characteristic peak 1384), which was 
consistent with the results of RGO [24]. That 
demonstrated the even distribution of RGO on the nickel 
foam. The physical adsorption tests were performed to 
analyze the pore distribution of the electrodes, as shown 
in Figure 2(h, i). Considering that the density of RVC was 
far higher than the nickel foam, thus the specific surface 
area was converted to surface area based on the same 
size (10*10*3 mm). Thereinto, the surface area of NF was 
the smallest (0.013 m2). The surface area of RGO/NF_T 
was 5 times of NF, which was 0.065 m2. The increase in 
surface area was mainly due to the aggregability of 
graphene oxide, forming a lot of microporous structures 
during the reduction process (pore size <2 nm). Although 
the surface area of RVC was relatively larger than NF and 
NF_T, the actual electrochemical reaction area was still 
unknown for the wettability of the electrodes. Better 
wettability meant a larger electrochemical effective 
reaction area, which would contribute to the increase of 
electric generation of TRFB. Moreover, the economic 
cost of NF was far lower than RVC (1/1642), and the cost 
of RGO/NF_T was almost double of NF. If the nickel foam 
shows better wettability than RVC, that would not only 
lead to a decrease in the cost of TRFB but also an increase 
in the electric generation of TRFB. 

 
As a key factor influencing electrochemical reaction 

rate, the increase in wettability of electrodes would 
decrease the transfer resistance of ions and increase the 
potential effective reaction area [25]. To explore the 
wettability of different electrodes, the intrinsic contact 
angle and contact angle of different electrodes were 
tested, as shown in Figure 3. The wettability of 
electrodes was mainly influenced by the intrinsic contact 
angle and pore structure. To reveal the wettability of the 
electrodes on the organic electrolytes, the anolyte 
without nano copper was chosen as the test solution. 
The intrinsic contact angle of RVC (44.8°) was similar to 
NF (44.8°). Due to the erosion caused by the dilute 
hydrochloric acid [26], the intrinsic contact angle of NF_T 
was decreased to 40°. Moreover, the intrinsic contact 
angle of RGO/NF_T was decreased to 25.6° for the polar 
functional groups of RGO [27]. That could cause the 
decrease of transfer resistance of active substances, 
enhancing the electricity generation of TRFB. And the 
penetration time of different electrodes was analyzed to 
verify the good wettability of electrodes on non-
nanoparticle anolyte. After 27.2 s, the contact angle of 
RVC decreased by 31%, and the NF decreased by 90%, 
showing that the wettability of NF was better than RVC. 
At this time, the drop had immersed into the nickel foam, 
while the RVC need extra 152.8 s. That might be due to 
the disadvantageous structure of RVC, which increased 
the transfer resistance of electrolytes. It might even lead 
to complete noninfiltrating regions of the electrodes and 
a reduction of the effective reaction area, limiting the 
electric generation of TRFB. 

In conclusion, the low cost and better wettability of 
NF make it more competitive than RVC, regardless of the 

 
Fig. 3. The intrinsic contact angle (red) and contact angle 

(blue) at different times of RVC (a), NF (b), NF_T (c), 
RGO/NF_T (d). 
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smaller surface area. Based on that, the wettability and 
surface area were enhanced by loading RGO on NF, 
which would decrease the transfer resistance and 
increase the number of active sites. That might be able 
to further improve the electricity generation of TRFB. 

3.2 Maximal power generation of TRFBs using different 
anode electrodes 

 
The maximal power generation of TRFBs using 

different anode electrodes were studied to explore the 
effect of the anode electrodes, as shown in Figure 4. The 
open circuit voltage (OCV) was about 1.2 V, which was 
influenced by the concentration of the reactants. The 
maximum power density of TRFB-NF (105.7 W/m2) was 
close to the TRFB-RVC (106 W/m2). Although the surface 
area of RVC was about 3 times of NF, the worse 
wettability of RVC shortened the effective reaction area 
and limited the electricity generation. Meanwhile, after 
fitting the polarization curve, the ohmic resistance of 
TRFB-RVC (38.3 Ω) was 1.2 times of TRFB-NF (28.3 Ω). 
That meant that the larger loss of electron transfer was 
also the reason for the limitation of TRFB-RVC. Poor 
wettability and conductivity of RVC greatly limit the 
optimization of TRFB. The composite electrode built on 
the NF would possibly strengthen the electricity 
generation of TRFB. The maximum power density of 
TRFB-NF_T was increased to 113.9 W/m2 for the 
increased surface area (65%) and the decreased ohmic 
resistance (27%). Furthermore, the maximum power 
density of TRFB-RGO/NF_T (127.9 W/m2) was increased 
by 21%, compared to the TRFB-NF. That was mainly due 
to the increase in surface area and the improvement of 
the wettability of electrodes. In addition, the ohmic 
resistance of TRFB-RGO/NF_T (19.9 Ω) was decreased a 
bit for the little electron resistance of RGO. 

3.3 Electricity generation of TRFBs using different anode 
electrodes 

 
What’s more, the electricity generation of the TRFBs 

of different anode electrodes were studied at a constant 
current (15 mA/cm2), as shown in Figure 5a. The voltage 
of all the TRFBs decreased rapidly at first to a relatively 
stable discharging platform, caused by the decrease of 
the concentration of reactants. Thereinto, the voltage 
platform of TRFB-RGO/NF_T was the highest (635.9 mV) 
for 2.9 h. That led to an increase in electricity generation 
(155.6 C) and energy density (1.38 Wh/L) relative to 
TRFB-NF. Meanwhile, the energy density of TRFB-
RGO/NF_T was increased by 165%, compared to TRFB-
NF. The superiority of the RGO/NF_T anode electrode 
was proved by its good electricity generation. The 
abundant pore structure of RGO/NF_T contributed to the 
rapid electrochemical reaction kinetics. And the 
excellent wettability of RGO/NF_T enhanced the mass 
transfer at the electrode interface, which effectively 
weakened the ohmic polarization phenomenon. In 
conclusion, the RGO/NF_T could be a competitive 
potential electrode for the practical application of TRFB. 

4. CONCLUSIONS 
To enhance the electricity generation of non-

aqueous thermally regenerative flow batteries (TRFBs), 
the nickel foam loaded with reduced graphene oxide 
(RGO/NF_T) was proposed as the anode electrode. The 
low cost and good wettability make the NF more 
competitive than the RVC, with almost the same 
maximum power density. Moreover, the electricity 
generation of TRFB-NF_T was enhanced for the increase 
of surface area, which was developed by the dilute 
hydrochloric acid. And the electricity generation was 
further optimized with RGO/NF_T anode electrode, 
caused by an increase in surface area and the 
improvement of the wettability. The maximum power 
density of the TRFB-RGO/NF_T (127.9 W/m2) was 
increased by 21% and the energy density (1.38Wh/L) was 
increased by 165%, compared to the TRFB-NF. 
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