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Abstract

In this article, new p-DSSC electrodes are fabricated using NiO hollow spheres (HSs)
prepared through a facial one-step hydrothermal process. The current-voltage (J-V)
curve indicates that p-DSSCs fabricated using triple-shell NiO HS have excellent
photoelectrochemical performance, with a photoelectrical efficiency of 1.79%. The
UV-vis diffused reflectance spectra indicate that the triple-shell NiO HS, with its
unique structure, has superior light reflection, scattering ability and large surface area

with more inner cavities, which helps harvest more light. Electrochemical impedance
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spectroscopy (EIS) further confirms that triple-shell NiO HS shows fast dye
regeneration, improved hole transport and suppressed recombination. The research
work of unique NiO HS is important for the selection of efficient photocathode

materials for p-DSSCs.
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1. Introduction
Recently, dye-sensitized solar cells (DSSCs) are receiving increasing attention

because of their potential for a low cost and high efficient energy conversion (Gratzel

2001; Mansha et al., 2019; Naveen Kumar et al., 2020; Qu et al., 2010; Qu et al., 2014;

Xi et al., 2016; Xi et al., 2019). One of the new concepts for DSSC that holds great

potential is the p-n tandem design, which uses an n-DSSC (photoanode sensitized)

and a p-DSSC (photocathode sensitized) (Jianjun He, 1999; Nattestad et al., 2010)

stacked in series. The theoretical efficiency of tandem DSSC can reach up to 43%,
higher than single electrode DSSC (33%). However, the actual efficiency reported so
far for tandem DSSC is much lower than the theoretical value mainly due to the low
photoelectrical performance (low voltage and low current) of the p-DSSC. Unlike
n-DSSC, photogenerated holes are injected into the valence band of the p-type
semiconductor and transferred to the FTO. The reduced dyes are oxidized by the
redox electrolyte, diffuses to the counter electrode and further oxidized by the holes

from the external circuit (Qu et al., 2020; Tan et al., 2019). NiO is the most

commonly used hole transporter in photocathode, which shows a wideband gap of 3.5
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eV with excellent chemical and thermal stability (Awais et al., 2012; Jianjun He, 1999;

Nattestad et al., 2008; Zhang et al., 2011). Obviously, the structural features of the

NiO films, such as morphology and porosity, have a significant influence on the

stability, transparency and the penetration depth of the light (Bonomo et al., 2018; Liu

et al., 2015a; Powar et al., 2012; Wood et al., 2016; Wu et al., 2013; Zhang et al.,

2012). It can also influence the light-harvesting efficiency and carrier transport
kinetics of the p-DSSC. For example, nanocrystalline NiO films with low specific
surface area showed relative low transparency and light absorption. Fewer dye
molecules can attach onto NiO surface, affecting the light absorption ability, and it
also reduces the light penetration depth and the short-circuit current density.
Furthermore, it has a negative effect on the carrier transport path, for which there
would be much more traps to capture the carriers.

Porous structures have shown promising results to suppress the recombination

and enhance light absorption efficiency (Lepleux et al., 2009; Powar et al., 2012; Qu,

2016; Qu et al., 2013; Wu et al., 2013). Especially, hollow spherical structures with

defined boundaries and interior cavities showed several advantageous as an electrode
material. In addition to its low mass, the high pore volume and large specific surface
area of hollow spheres (HSs) enhance the ability to absorb more dye. Also, HS has
excellent light scattering effect, extended holding time for the incident light, more
light can be harvested because of the multiple reflections that occur in the interior

cavities (Bai et al., 2017; Dou et al., 2019; Jiang et al., 2018; Lai et al., 2012; Liao et

al., 2015; Liu et al., 2012; Qian et al., 2009; Wang et al., 2019; Yang et al., 2014; Zuo




et al., 2016). Besides, HS's short carrier-transport length and the porous structure can

facilitate the liquid electrolyte diffusion, which accelerates the carrier transfer
Kinetics.

In this article, we introduce a novel triple-shell NiO HS using facial and scalable
hydrothermal process. We show that it was possible to produce single, double and
triple-shell HS in one single step by controlling the hydrothermal process parameters.
The new triple-shell HS structure showed excellent light absorption ability with high
photoelectrical efficiency of 1.79% when used as a photocathode. The details of the

light absorption and photoelectrical performance are discussed in this article.

2. Experimental section
2.1. Material synthesis

To prepare single-shell NiO HS, about 2.5 g of glucose and 2.5 g of
Ni(NO3)2-6H>O were dissolved in 75 ml of distilled water. The pH value was adjusted
to 11.4 by adding aqueous ammonia. The obtained solution was transferred to the
Teflon-lined autoclave and heated at 150 °C for 6h. The product was collected and
rinsed with distilled water. After drying at 80°C for 12h, the as-prepared sample was
calcined at 500 °C for 4h in air. To prepare double and triple-shell HS, the pH values
were adjusted to 11.1 and 10.8, respectively.
2.2. Materials Characterization

The crHSs' ystal structure and morphology ofre identified using X-ray diffraction

(XRD, Rigaku D/max-2500), and transmission electron microscopy (TEM,



JEM-2100). The chemical bonds and the valence states were determined using X-Ray
photoelectron spectroscopy (XPS, VG Scientific ESCALAB 220IXL). The specific
surface area and porosity were evaluated by nitrogen physisorption at 77.3 K recorded
using NOVA 2000e (Quantachrome, Boynton Beach, FL, USA). UV-vis diffuse
reflectance and absorption spectra were recorded on a UV 2450 spectrophotometer.
2.2. Photoelectrical performance

A compact NiO layer was first coated on FTO by a megnetron sputtering method.
A second light scattering NiO layer was covered on the compact NiO layer by doctor
blade method. The prepared two-layered NiO films were sintered at 450 °C for 0.5 h.
After cooling down to room temperature, the prepared photocathodes were immersed
into the PMI-6T-TPA dye solution (0.2 mM in DMF). The as-prepared photocathode
and the platinized counter electrode were sealed with electrolyte filling. The
electrolyte used was composed of 0.07 M [Co(en)3](BF4)3, 0.3 M [Co(en)3](BF4)2, 0.1
M lithium bis (trifluoromethanesulfonylimide) (LiTFSI) in acetonitrile. A 0.16 cm?
active electrode area was employed. Zahner CIMPS-2 electrochemical workstation
together with a Trusttech CHF-XM-500W source under simulated Sun illumination
(Global AM 1.5, 100 mW cm™) was used to test photocurrent-voltage (I-V) curves
and electrochemical impedance spectra (EIS) (100 kHz to 0.1 Hz, 10 mV
perturbation). The incident photon-to-electron conversion efficiency (IPCE)
experiments were performed using a system consisting of a Xe lamp (300 W) with a

monochromator (Oriel 74100, Newport Corp., Irvine, CA, USA).



(a) Glucose (b)

polymerization lcarbonization

vac TvHe
‘ ev) | (v)

35110 LUMO
hydrolysis e

Ni2* ions -4.0-1--0.5 /
PH 1 11.1

-4.51-0 —

Co(en);23*
-5.51-1.0 h*
l calcination l
HOMO

©

Scheme 1. (a) The structural formation processes of the single, double and triple-shell NiO HSs

-5.04-0.5

‘4

L Pt Mediator PMI-6T-TPA NiO

via a facile, one-step thermal treatment; (b) Energy level diagram for the as-prepared p-DSSC.

3. Results and discussions

As reported previously, the reaction rate, temperature, chelating reagent, precursor
solution concentration, and the solution pH value play a curial rule on the morphology
of the metal oxide and their assembly into 3D architectures. In the present work,
ammonium aqueous was used to control the pH value of the precursor solution and
further the morphology of NiO. The HS synthesis process is illustrated schematically
in Scheme 1a. After adding ammonia to the solution, [Ni(NH3)x]?* complexes are
formed. During the hydrothermal treatment step, through dehydration and
polymerization reactions, carbon spheres are produced from glucose, rich with -OH

functional groups on the surface (Tang et al., 2016; Wang et al., 2016). These carbon

spheres act as templates for the metal particles in the subsequent steps. Meanwhile,
[Ni(NH3)x]?* ions decompose gradually by hydrothermal treatment and release Ni®*,
which then attach to the carbon spheres' surface by reacting with the -OH functional

groups. This leads to the formation of a uniform metal hydroxide@carbon sphere
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core-shell structure. When the pH value kept at 10.8, metal hydroxide or the Ni?* on
the surface of the carbonaceous particles may attract the -OH groups formed via the
dehydration and polymerization of the glucose, forming the secondary carbon shell
outside the first Ni(OH), layer. Subsequently, new Ni?* ions would attach onto the
secondary carbon shell and finally the third carbon shell and Ni(OH), layer. At pH
values higher than 11.4, the solution appears strong alkaline, the decomposition speed
of [Ni(NHs)«]?" increased, leading to a high growth rate and strong aggregation
behaviour of the crystal nuclei. As a result, the amount of Ni?* ions consumed quickly,
and no more new particles can be anchored on the secondary or the third carbon shell.
In summary, the carbon sphere and metal hydroxide are assembled shell by shell
through a chemically induced dehydration process to form multi-shell NiO HS

precursors.

An energy-level diagram for the as-prepared p-DSSC is shown in Scheme 1b. The
prepared NiO valence band is 0.80 V vs NHE (-5.30 eV vs VAC) tested by UPS
spectra. A Cobalt(11)/(111) electrolyte (-0.025 V vs NHE, -4.48 eV vs VAC) was
applied in our devices with a theoretical photovoltage of 0.825 V, which is much
larger than that of typical I-/13 electrolytes. PMI-6T-TPA dye with high-lying HOMO
level of 1.1 V vs NHE was used, which indicates an efficient hole injection into NiO
valence band. The LUMO level of PMI-6T-TPA is -0.7 V vs NHE, which can be

effectively regenerated by the electrolyte.



Fig. 1. TEM images of triple-shell NiO HS (a) (d), double-shell NiO HS (b) and single-shell NiO
HS (c); HR-TEM images (e) of triple-shell NiO HS; selected area electron diffraction (SAED)

pattern (f) of triple-shell NiO HS.

Transmission electron microscopy (TEM) images in Fig. 1a-f confirm the role of
controlling the pH values on the number of shells. When the pH value adjusted to
10.8 by aqueous ammonia, triple-shell NiO HS was obtained. The outer HS diameter
is about 1.2 um, and the shell thickness is about 60 nm (Fig. 1a and 1d). The internal

spheres can move freely within the outer microsphere (Wang et al., 2019). Fig. 1b

shows a typical example of the double-shell NiO HS prepared by fixing the pH value
at 11.1. The outer diameter of the double-shell HS (about 0.9 um) is slightly less than
the triple-shell HS, and the thickness of the outer shell is also less (40 nm). The
diameter of the internal sphere is about 300 nm. The single-shell NiO HS obtained at
high pH value is shown in Fig. 1c. The single-shell HS diameter is almost the same as

that of the double-shell NiO HS, and the shell thickness is about 80 nm. The
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high-resolution TEM (HRTEM) image (Fig. 1e) of a triple-shell NiO HS shows clear
lattice fringe with a spacing of 0.24 nm, corresponding to the (111) of NiO. The
selected area electron diffraction (SAED) pattern of a triple-shell NiO HS is shown in

Fig. 1f. The diffraction rings from inside to outside index to (111), (220), (200), (311)

and (222), typical for the cubic phase of NiO (Qu et al., 2020; Zhang et al., 2011).
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Fig. 2. (a) XRD pattern of the three NiO HSs; (b) Ni 2p XPS spectra of triple-shell NiO HS; (¢) O

1s XPS spectra of triple-shell NiO HS; (d) Ni 2p XPS spectra of double-shell NiO HS; (e) O 1s

XPS spectra of double-shell NiO HS; (f) Ni 2p XPS spectra of single-shell NiO HS; (g) O 1s XPS

spectra of single-shell NiO HS.

10



The phase structures of the prepared HSs are investigated further using X-ray
diffractions (XRD). Fig. 2a shows the XRD traces of the three prepared samples. The
five diffraction peaks at 20 = 37, 42, 61.8, 75.7 and 79° can be indexed to (111),
(200), (220), (311) and (222) crystal planes of cubic NiO (JCPDS 44-1159), in
agreement with the SAED result (Fig. 1f). The sharp intensities of all peaks indicate
the prepared HSs are of high crystallization quality. The crystallite sizes calculated by

the Scherrer equation are almost the same for the three samples.

The electronic structure and composition of the NiO HSs are analyzed using

X-Ray photoelectron spectroscopy (XPS). The high-resolution XPS spectra of O 1s

and Ni 2p are given in Fig. 2b-g. The Ni 2p spectra comprise two regions for Ni 2p,,,
(850-865 eV) and Ni 2p,;, (870-885 eV) spin-orbit levels. The Ni 2p;/, can be fitted
with several peaks corresponding to two oxidation states of nickel, Ni(Il) and Ni(lll).

The peak at 854.3 eV from Ni2+ is associated with the Ni-O octahedral bonding of

cubic rock salt NiO (Qu et al., 2020; Tan et al., 2019; Wang et al., 2016), which is the
same for the O 1s peak at 529.3 eV. The peak at 855.7 eV together with O 1s peak at
531 eV are from the Ni**-vacancy induced Ni*" ion. It can be concluded from Ni 2p
spectra that the content of Ni®* is quite large and the calculated proportion is 29.3%,
29.9% and 34.3% for single-, double-, and triple-shell NiO HS, respectively. The

existing Ni®* ions can increase p-type conductivity in the NiOx film (Kwon et al.

2016; Mrowec and Grzesik, 2004; Qu et al., 2020) favourable for hole transport.

Furthermore, it would modify the hole transport kinetics, reduce the hole

recombination and improve the charge collection.
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Fig. 3. (a) N, adsorption-desorption isotherms of the three samples; (b) the corresponding pore size
distribution of the samples.

The specific surface area and pore size distribution are measured using N
adsorption-desorption experiments. The BET surface areas of the triple, double and
single-shell NiO HSs are 465, 271, 167 m?/g, respectively. The high surface area
should facilitate dye adsorption on the NiO surface. The N> adsorption-desorption
isotherms (Fig. 3a) shows loops with hysteresis for all the three samples under the
relative pressure (P/P,) ranging from 0.7-1.0, indicating the presence of well-defined

mesoporous structure (Zoromba et al., 2017). A sharper capillary condensation step at

higher pressure is observed for triple-shell NiO HS, suggesting larger mesopores than
the other two samples. The pore size distributions are presented in Fig. 3b. For all HS,
there are two mean pore sizes peaks. The two peaks of the triple-shell NiO HS are
centred at around 4 and 11.5 nm, associated with the mesopores among nano-thorns
and the large voids from the hollow interiors, respectively. The obvious right shift in
the larger pores peak is probably due to the increase in the internal voids when

forming the triple-shells. Since [Co(en)3] ion is larger than the traditional iodine ion,
12



the large pore size is believed to be much more beneficial for the penetration of the

electrolyte and dye molecule into the NiO film.
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Fig. 4. (a) J-V curves of p-DSSCs based on NiO HS photocathodes; (b) a schematic light pathway
illustration of triple-shell NiO HS; (c) diffuse Reflectance spectra of NiO HSs; (d) IPCE spectra of

NiO HSs sensitized by PMI-6T-TPA dye.

Table 1. Detailed photovoltaic parameters of the as-prepared p-DSSCs.

Jse (MA cm?) Voe (mV) FF 5 (%)
Single shell 4.92 689 0.35 1.18
Double shell 5.90 695 0.37 1.51
Triple shell 6.67 700 0.38 1.79

We then examined the three different NiO HSs as photocathodes to assemble
p-DSSCs. The photoelectrical performances are shown in Fig. 4 and Table 1. A high

short-circuit photocurrent density (Ji) of 6.67 mA cm™ is observed for triple-shell
13



NiO HS based p-DSSC, which is higher than both single and double-shell NiO HSs
(4.92 mA cm™?and 5.90 mA cm™, respectively). The photovoltage (Vo) values of the
three solar cells can reach up to 700 mV, with only a little difference between the

three nanostructures. It is worth noting that coupled with Co*"**

electrolyte the Ve
values (with a theoretical photovoltage of 0.825 V) are higher than with I/l
electrolyte. The fill factors (FF) show a direct proportion to the Jsc and Vo values. The
corresponding efficiencies are calculated to be 1.79, 1.51 and 1.18 % for the triple,
double and single-shell NiO HSs, respectively. From the above results, it can be
concluded that both the short-circuit current density and the overall energy conversion
efficiency of solar cells increase with the number of shells. This improvement can be
attributed to the high specific surface area, which facilitates the dye absorption and
enables multiple light reflection and scattering between spherical shells, as illustrated
in Fig. 4b. The synergic effect of the multiple light reflection and the high dye
absorption leads to an improved light-harvesting and thus increase the short-circuit
current density of solar cells. Besides, larger pore size is beneficial for the penetration
of the larger [Co(en)s] electrolyte molecule, which can quickly react with the
deoxidized dyes. The recombination can be effectively compressed, and a superior
hole transport can be expected, which lead to an improved FF and further a higher
energy conversion efficiency. The triple shells HS efficiency is higher than most
reported p-DSSCs sensitized by PMI-6T-TPA, as presented in Table 2.

The diffuse reflectance of different NiO HSs is tested to investigate the scattering
abilities. As illustrated in Fig. 4c, triple-shell NiO HS shows the strongest reflectance

14



of light over the range of 400-800 nm. Double and single-shell NiO HSs are lower,
but their reflectance values are all above 50%. Multi-shell NiO HS presents multiple
reflection and scattering between the shells. Furthermore, the inner cavities have to
lead to enhanced light capturer to confine the incident light, enhancing the
light-harvesting and current density.

The incident-photon-to-current efficiency (IPCE) spectra of the PMI-6T-TPA
-sensitized solar cells are shown in Fig. 4d in the range from 350 to 800 nm, providing
further evidence on the scattering effect of the multi-shell structures. The maximum
IPCE values of all the cells are more than 30%, which is very high for p-DSSCs (Liu

et al., 2015a; Nattestad et al., 2008). Triple-shell NiO HS shows the highest IPCE

over the entire wavelength region, which is in agreement with the diffuse reflectance
and observed Jsc values. It is worth noting that the IPCE data of triple-shell NiO HS
shows a slightly red-shift to a longer wavelength compared to the other two HSs due

to the better light-scattering ability.

Table 2. Efficiency of p-DSSCs sensitized by PMI-6T-TPA dye in previous reports and present

work.

Photoanode Electrolyte Efficiency (%) Reference

NiO [Fe(acac)s]”* 251 (Perera et al., 2015)

NiO [Co(en)s]3+2* 1.30 (Powar et al., 2013)

NiO microballs WiEY 0.46 (Powar et al., 2012)

CuCrO; nanoparticles [Co(en)s]3+2* 0.48
NiO [Co(en)s]**2* 1.00 (Powar et al., 2014)
NiO Thiolate electrolyte 0.51 (Qu et al., 2020)

NiO/CMK-3 [Co(en)s]3+2* 1.48% (Powar et al., 2015)

Triple-shell NiO HS [Co(en)s]3+2* 1.79% This work

15
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Fig. 5. Nyquist plots of p-DSSCs made of the prepared HSs. The inset shows the equivalent

circuit for the impedance spectrum. R;: serial resistance; R;: transport resistance of the film; Rye.:

the recombination resistance of the film; R,: charge-transfer resistance of Pt electrode; Cl:

distributed capacitance of p-semiconductor; C,: the double-layer capacitance of the platinized

counter electrode.

To further understand the three HS-based cells' electrical characteristics, EIS
measurements (Fig. 5) are conducted under open circuit and 1 sun intensity conditions.
Two semicircles extending from total resistance can be recognized; (i) one semicircle
at high frequency attributed to the charge exchange process at the Pt electrode
interface (Ry), (ii) the semicircle at low frequency attributed to the hole transport in
the semiconductor film (R;) and the back reaction at the semiconductor/dye/electrolyte

interface (R.) (Liu et al., 2015b; Qu et al., 2020; Tan et al., 2019). Equivalent circuit

inset in the figure is used for the EIS tests fitting and the parameters. As shown in
Table 3, the three samples' charge exchange processes are slightly different, for which

the R, value of triple-shell NiO HS is lower, indicating fast electrolyte oxidization.
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The triple-shell NiO HS hierarchical structure facilitates the electrolyte penetration
and electrode wetting, leading to a fast reaction of the reductive dyes and oxidized
electrolyte, subsequently a fast reaction of reductive electrolyte and holes from Pt
electrode. The R . is the charge-transfer resistance of hole recombination at the
NiO/electrolyte interfaces. High value over 330 Q is fitted for all three samples,
indicating prohibited recombination at the NiO/dye/electrolyte interface. It can be
observed that the triple-shell NiO HS shows slightly higher R  value than other HS,
indicating lower recombination due to the quick reactions between the electrolyte and
the deoxidized dyes, and the oxidized electrolyte and holes. An improved hole
transport can also be observed for the three materials. The charge collection efficiency
(7¢c) can be calculatd from R, and R; values. And an enhanced charge collection
efficiency of 81.3 % is observed for triple-shell NiO HS. Finally, the generated holes
can be transported quickly along with the shell of the sphere and collected at the
bottom of the sphere. Superior transport is provided by such a unique structure,

reducing the transport time and further reducing the recombination.

Table 3. Fitted and calculated data from EIS spectra of the as-prepared p-DSSCs.

Ryt () R: (Q) Ryec () Hee (%)
Single shell 66 69 332 79.2
Double shell 60 69 343 79.9
Triple shell 49 68 364 81.3

4. Conclusions

In summary, triple, double and single-shell HS of NiOxwere prepared through a

17



one-step hydrothermal process. Such HSs possess large surface area and show
enhanced ability to absorb dye molecules. The novel triple-shell NiO HS with its
unique hierarchal structure exhibited excellent light reflection and scattering ability.
Together with more inner cavities to confine the incident light, the light-harvesting
was greatly improved. High photoelectrical efficiency of 1.79% was obtained using
triple-shell NiO HS as photocathode material. The EIS measurement also indicates
fast dye regeneration, improved hole transport and lower recombination, contributing

to the superior photoelectrical performance.
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