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A photo-rechargeable electric energy storage system is designed by fabricating carbon nitride
nanotube membrane, which can harvest solar energy and then store it as ionic power. The
charging and discharging ionic current and voltage can be further scaled up by simply through
series and parallel connections of multiple.
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Abstract: To resolve the fluctuation and storage issues renewable energy is facing, photo-
rechargeable electric energy storage systems may contribute by immediately storing the
generated electricity locally. Complementing the various conventional chemical-reaction-
based photo-rechargeable electric energy storage systems, we propose here a physical ion
transport-based photo-rechargeable electric energy storage system to harvest solar energy and
then store it in place as ionic power, which can be reconverted into electric energy later but
momentarily. The new solar energy conversion and storage approach is based on a carbon
nitride nanotube membrane, which can be fabricated by chemical vapor deposition method.
The charging and discharging current peaks can reach to 1.8 pA/cm?, which can be scaled up
through parallel (current) and series (voltage) connections. Our findings provide possibilities
in advancing the design principles for a combined, easy and efficient solar energy conversion

and storage system.
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1. Introduction

The global energy demand is increasing at the same time as fossil fuel resources are
dwindling.> 2 Solar energy is one of the most promising, effective and emission-free energy
sources to meet the energy demands we are facing now.®> However, the energy has to be stored
to compensate the fluctuating availability of the sun and the actual energy demand. To
circumvent the fluctuation and storage issues renewables are facing, photo-rechargeable
electric energy storage systems may solve this problem by intermediate storage of the
generated electricity.* Different possibilities for storing large amounts of energy are proposed.
Generally speaking, two different strategies were put forward to realize the photo-
rechargeable electric energy storage process: one is external combination of photovoltaic cells
and energy storage systems, e.g. lithium ion batteries,> ® redox flow batteries,” as well as
electrochemical supercapacitors;® another one is the internal integration of photoelectrodes

with rechargeable batteries.®*!

Although most of the generated photovoltaic energy is still stored by external batteries (e.qg.,
Li ion or nickel/metal hydride batteries), there is still potential to improve its energy
generation and storage efficiency because the relatively long distance between both parts will
lower the energy storage efficiency.!> * The integrated photoelectrode/battery device is
simpler, and the solar energy is locally stored where it is produced.> * Nevertheless, this
requires the seamless combination of the elementary steps of light harvesting, charge carrier
separation, and their storage to retrieve electrical energy on demand.’ ® To avoid
shortcomings, a physical process rather a chemical process is much easier to adapt, e.g. solar
energy can be harvested and then stored as ionic power, which can be converted into electric

energy momentarily.

lons transport and separation in electrolyte provide this new approach to realize the aim.!":
18 Jons transport including ion selectivity, rectification and pumping is regarded as a basic tool
of living cells.!® In the view of applied research, ion transport is also relevant with salinity
gradient energy conversion,?’ water desalination? , and ionic sensory system by ion selective
channels or membranes.?? Herein, we analyze the possibilities of an ion transport based photo-
rechargeable electric energy storage system, all in one single polymeric carbon nitride
membrane. In general, carbon nitride and its derived materials can be used directly as
photoelectrode for photoelectrochemical application, 6 while cannot store the energy

generated as it is. This photo-rechargeable electric energy storage system will provide a
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Figure 1. Morphology and schematic configuration of a nanotube membrane based
photo-rechargeable electric energy storage system. a, SEM images of CNNM, scale bar 5
pum (upper) and 200 nm (under). b, TEM image of the section of signal CzN4 nanotube, scale
bar 100 nm. ¢, UV-Vis absorption spectroscopy of CNNM. d, Schematic representation of the
setup and the working mechanism of the photo-rechargeable electric energy storage system: (i)
Initial state, without ionic current; (ii) Charging process by light irradiation; (iii) Discharging
process after removing light irradiation. e, Typical current-time curve in initial, charging and
discharging processes. f, Typical voltage-time curve in initial, charging and discharging
processes.
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possibility to overcome the intermittency of solar radiation by the flexible light-induced

electrical energy storage and release on demand by a one-component light-charged battery.

2. Result and Discussion

The carbon nitride nanotube membrane (CNNM) used in this work is fabricated based on
our previous work,?-2 and has a thickness about 60 um and an area about 0.2 cm?, with an
external pore diameter of 100 nm, internal pore diameter of 50 nm (Figure 1a, 1b and Figure
S1). The UV-Vis absorption spectra of CNNM is consistent with typical carbon nitride
powders,?® and indicates its usefulness as an optical transducer (Figure 1c and Figure S2).
The ions transport based solar energy conversion and storage properties were measured in a
home-made H-type cell (Figure S3), which was filled with KCI electrolyte solution as ion
transport medium and used commercial porous carbon electrode as the working electrode for

simplicity (Figure 1d).

In initial state, cation (K*)-dominated ion transport across the negative charged nanotube
occurs freely and symmetrically, without ionic current at the macroscopic level (Figure 1d i).
With unilateral light irradiation, light induced charge carriers separation will change the
surface charge distribution in the carbon nitride nanotube, from symmetric negative charge to
an asymmetric charge pattern, which then drives ions (cation and anion) separation and
transport in electrolyte to balance the inhomogeneous surface charge distribution.'® In this
condition, the cations (K*) move to the negative charged area while anions (CI") move to the
positive charged area, and both of them accumulate and store in the porous carbon electrode
to substantiate the charging process, as in a capacitor (Figure 1d ii and Figure S4, S5).% In
the charging process, the diffusive countercurrent is also generated and increases gradually
along with illumination time because of the ion concentration difference in two sides, which
results in a gradually decreasing charging ionic current and voltage. After removing light,
carbon nitride nanochannel surface tuned back to its initial homogeneous surface charge
property, and ions (cation and anion) also move back to their initial place to accomplish the
discharging process (Figure 1d iii), then a cycle of charging and discharging is finished.
Figure 1e showed the ionic current-time curve in these three different states with 320
mW/cm? blue light irradiation. lonic current in initial state was almost zero while it increased
sharply to -0.7 pA/cm? after turning the light on and decreased gradually because of the
diffusive countercurrent.3 After tuning off light, the negative charging current tuned into
positive discharging current (about 0.3 pA/cm?) peak and decreased gradually as discharge

goes on. Similar trend is also seen for the charging and discharging potential, with -0.46 V
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charging and 0.15 V discharging potential (Figure 1f), the small discharging voltage can be
ascribed to the impedance of electrolytes.®> 3 In addition, the charging current and voltage
peaks are not equivalent with discharging current and voltage peaks because discharging is a

diffusive process on longer length scales of the ionic capacitance.

Light energy is crucial to influence the charging and discharging properties. As shown in
Figure 2a-c, charging and discharging currents were collected in 0.01 M KCI electrolyte with
20 s charging time and 50 s discharging time. 320 mW/cm? blue light produced a charging
peak current of 1.15 pA/cm? and a discharging peak current of 0.15 pA/cm? (Figure 2a),
while the charging peak current and discharging peak current under green light were 0.52
pA/cm? and 0.12 pA/cm?, respectively (Figure 2b). In yellow light with same incident
intensity, both the charging peak current and discharging peak current are negligible, only
0.05 pA/cm? and 0.04 pA/cm? (Figure 2c). The results are consistent with the light absorption

of carbon nitride nanotube membrane (Figure 1c).

Charging time is another crucial factor to influence the solar energy conversion and storage.
As shown in Figure 2d, current-time curve illustrated charging and discharging peaks with
various charging time of 5's, 10 s, 20 s, 50 s, and 100 s, respectively. The charging peaks
value have no obvious difference with each other because they are only associated with the
incident light energy and intensity, while the discharging peaks gradually increased from 0.09
pA/cm? under 5 s charging time to 0.31 pA/cm? under 100 s charging time. It’s obvious that
the increase in discharging peak (energy storage capacity) is due to the increased ion capacity
stored in the porous carbon electrodes with longer charging time. Incident light intensity
significantly influenced both the charging and discharging peak. With the increase of blue
light intensity from 25 mW/cm? to 320 mW/cm?, both the charging current peak and
discharging current peak increased obviously, from 0.065 to 1.15 pA/cm? for charging
process and 0.03 to 0.11 pA/cm? for discharging process (Figure 2e). The same tendency
goes for charging and discharging ionic potential (Figure 2f) and the system exhibited stable

cycle performance (Figure S6).

Choice of the electrolyte obviously has to affect the charging/discharging processes.® To
the 1 M electrolyte, both charging and discharging current peaks are high, but decrease
sharply with time, while the charging and discharging current peaks at low concentrations of
0.0001 M are low, but decreased modest along with time (Figure 3a-e). Both the charging
and discharging current peaks show a clear concentration dependence, plotted in Figure 3f.

For the concentration from 1 M to 0.0001 M, charging current density peaks were -1.8
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nAlcm?, -1.29 pAlem?, -0.77 pAlem?, -0.52 pAlcm?, and -0.25 pA/cm? receptively, while
discharging current peaks were 1.49 pA/cm?, 0.91 uA/cm?, 0.62 pA/cm?, 0.30 pA/cm?, and
0.18 nA/cm? receptively. Diffusive leakage should be responsible for the smaller discharging
current peaks compared with charging current peaks, while the small current in low
concentration can be attributed to shielding effect of electrical double layer, the length of
which is inversely proportional to the electrolyte concentration.®> 3¢ To high concentration
electrolyte, a large amount of ions move to generate electrical double layer around porous
carbon electrodes instantaneously, resulted in large instantaneous ionic current; to the low
concentration electrolyte, sparse ions need more time to generate electrical double layer to
balance the photo-induced potential across nanotube. In addition to this, size of ions can also
affect the charging and discharging ionic current peaks (Figure S7). Smaller ions have a

faster migration rate, then sharper charging and discharging peaks.

More importantly, the charging and discharging current and voltage can be further scaled
up by simple series and parallel connections of multiple devices. Figure 4a depicted the
schematic parallel connection of sample 1 and 2 by wires. For individual sample 1, the peak
charging and discharging currents are 0.5 pA/cm? and 0.2 pA/cm?, respectively; for individual
sample 2, the peak charging and discharging currents are 0.75 pA/cm? and 0.23 pA/cm?,
respectively. For the parallel connection of them, the peak charging and discharging currents
are enlarged to 1.28 pA/cm? and 0.52 pA/cm?, respectively (Figure 4b). Figure 4c depicted
the schematic series connection of sample 1 and 2 by wires. For individual sample 1, the peak
charging and discharging voltages are 0.18 V and 0.05 V, respectively; for individual sample
2, the peak charging and discharging voltages are 0.18 V and 0.04 V, respectively. For the
parallel connection of them, the peak charging and discharging voltages are enlarged to 0.4 V
and 0.09 V, respectively (Figure 4b). This extendable property provides a possibility for real

technical devices.3" 38

However, we also should never forget that the generated and stored “ionic energy” here is
rather “diluted”: the incident photon-to-electron conversion efficiency for this photo-
rechargeable electric energy storage system is calculated as about 0.03%; the average
charging and discharging efficiency is calculated about 73.45 %. We have to admit that the
operating voltage, the conversion efficiency and the coulombic efficiency of this single cell is
low compared with other photo-rechargeable electric energy storage systems.3* 4% This is the
disadvantages of all “ionic energy” systems because of slow ion transport speed, including

salinity gradient energy and other ion pump energy systems.*" %2 In current stage, this “ionic



g
3]
0
>
3
p=
o)
=
=
=)
<
L
i
=
i
=
©
8
n
©
S
2
[}
=]
=
@
=
g
(&)
8
o
3
p=

a ® b -
In parallel i#0 Sample 1 Sample 2 Sample 1]2 in parallel
054 0.5 A 05 L
light ‘gp0 — — — AN ‘
A Gle o % SO - NN NN N
O N N AN AN N o NN
PPN SRR g L 5 004 | | | 5 0.0 1 ‘ 5 0.0 -4
ofe ++ + b+ + F = = === == 2 3 2
Eavav s o] 3 / ] ) 5 J . 5
Elegtrode Z 051 Vvl =os5{ [ | l‘ [ 2 05
8 8 w g Pararan
R . = = = / / i
et SR S 3 101 3 101 3 10 ]
PR B SRS s |
ale = :
A gle Tt o+ ok 15 . . . 15 T T T -1.5 T T T
Electrode @ “®  ons flow Elec“lrude 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (s) Time (s) Time (s)
€ QV:O d
In series 0.14 Sample 1 0.1 Sample 2 0.14 Sample 1+2 in serles
i /\
Light &fa o A A A e f /
S AP AIP =5 ooy [ (1[I 004 (| (1 7] 0oy l
s e @ > on < 1] || ‘ < R <
P - SO ;.0,1.‘.“”\\@\ < 01y
Electrode Electrode NEYRUERYR NV
8020 Y o2l U] 802 ‘ ‘ ‘
G S 3 ‘
Light = afe > 0.3 > 0.3 > 03 \
A~ e++<.;@++----;_-e- ‘H‘/ |/‘
s GO B T o e oo 0.4 0.4 044"
P "JS e
«® & -0.5 T T r 0.5 T T T -0.5 T T T
Electrode lons flow - Electtade 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (s) Time (s) Time (s)

Figure 4. Scalability of the harvesting electricity. a. Schematic representation of parallel
connection of the two samples, which can scale up the short circuit current (1|2). b, Short
circuit currents of sample 1, sample 2, and parallel connection 1[2. ¢, Schematic
representation of series connection of the two samples, which can scale up the open-circuit
voltage (1+2). d, Open-circuit voltages of sample 1, sample 2, and series connection 1+2.
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energy” generation and storage system is indeed far from practical applications, while we
should have hopes for this because there are new scientific tools and approaches to improve

that, for example, combing this photo-rechargeable system with salinity gradient system.*

As shown in Figure 5a, a concentration gradient of 10 mM/0.1 mM KCI electrolyte is
applied between the two compartments. When there is only salinity gradient (Figure 5a i), the
osmotic current (the current at zero potential) and the osmotic potential (the potential needed
to zero the current) can be determined, and the effect is due to the ion selectivity of CNNM
(Figure S8). After unilateral light irradiation at high concentration (Figure 5a ii), both the
osmotic current and potential are expected to be enhanced because of the redistribution of
surface charge in CNNM. Figure 5b shows the current-voltage (I-V) curves at a concentration
gradient of 100 (Chigh: 10 mM; Ciow: 0.1mM) using different laser intensities, from which the
osmotic current (losmotic) and the osmotic potential (Vosmotic) can be read out. Before blue light
irradiation (0 mW/cm?), losmotic is 0.4 pA/cm? and Vosmotic is 0.32 V. After light irradiation,
losmotic increases to 1.05 pA/cm? and 2.8 pA/cm?, and Vosmtic increases to 0.42 V and 0.59 V
under 110 mwW/cm? and 380 mW/cm?, respectively. Light wavelength also plays a crucial
factor to enhance the integrated energy conversion power density (Figure 5c). To different
light wavelengths with 380 mW/cm?, losmotic increases from 0.4 pA/cm? to 0.95 pA/cm? (595
nm Yellow light), 1.6 pnA/cm? (515 nm Green light), and 2.8 pA/cm? (405 nm Blue light),
respectively; and Vosmotic increases from 0.32 V to 0.41 V (595 nm Yellow light), 0.49 V (515
nm Green light), and 0.59 V (405 nm Blue light), respectively. The enhancement in osmotic
current and osmotic potential can be ascribed to the light-induced surface charge distribution

along carbon nitride nanotube, and therefore enhanced ion selectivity.** 4°

3. Conclusions

In summary, a model, ion transport based photo-rechargeable electric energy storage
system was realized via carbon nitride nanotube membrane. Light induced charge carrier
separation which then drive ions transport in electrolyte and accumulation near electrodes is
regarded as the base of working principle of photo-rechargeable electric energy storage
system. The carbon nitride nanotube membrane integrates the functions of light absorption
and ion transport, resulting in a simple and efficient solar energy conversion and storage
system. Beyond that, the charging and discharging current and voltage can be further scaled
up by simple series and parallel connections of multiple devices to realize large-scale
industrial applications, or integrating salinity gradient energy generation to enhance energy

conversion efficiency and density. In comparison with other chemical reaction-based photo-
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rechargeable electric energy storage systems, the physical ions transport-based system is
cheap, easy to fabricate, and extendable.
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