Research Repository UCD

Title Application of a novel microwave plasma treatment for the sintering of nickel oxide coatings for
use in dye-sensitized solar cells
Authors(s) Awais, Muhammad, Rahman, Mahfujur, MacElroy, J. M. Don, Dini, Danilo, Vos, Johannes G.,

Dowling, DenisP.

Publication date

2011-07-25

Publication information

Awais, Muhammad, Mahfujur Rahman, J. M. Don MacElroy, Danilo Dini, Johannes G. Vos, and
Denis P. Dowling. “Application of a Novel Microwave Plasma Treatment for the Sintering of
Nickel Oxide Coatings for Use in Dye-Sensitized Solar Cells.” Elsevier, July 25, 2011.
https://doi.org/10.1016/j.surfcoat.2011.01.020.

Publisher

Elsevier

Item record/more
information

http://hdl.handle.net/10197/2730

Publisher's version (DOI)

10.1016/j.surfcoat.2011.01.020

Downloaded 2026-05-01 23:44:05

The UCD community has made this article openly available. Please share how this access

benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information



https://twitter.com/intent/tweet?via=ucd_oa&text=Application+of+a+novel+microwave+plas...&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F2730

Application of a novel microwave plasma treatment for the sintering of nickel oxide

coatingsfor usein dye-sensitized solar cells

Muhammad Awaig, Mahfujur Rahmaf, J.M. Don MacElroy, Danilo Dini¢,
Johannes G. Vds Denis P. Dowling™"
SFI Strategic Research Cluster in Solar Energy Conversion
& School of Electrical, Electronic and Mechanicateering, University College Dublin
Ireland
P School of Chemical and Bioprocess Engineeringyehsity College Dublin Ireland

¢ School of Chemical Sciences, Dublin City Universieland

*Corresponding author,

Dr. Denis P. Dowling

Room 223, UCD Engineering and Materials Sciencer@en

University College Dublin,

Belfield, Dublin 4,

Republic of Ireland.

Telephone: +353 1 716 1747

Fax: +353 1 283 0534

E-mail: denis.dowling@ucd.ie

Abstract

In this study the use of microwave plasma sinteohgickel oxide (NiQ) particles for use g%
type photoelectrode coatings in dye-sensitized s@llls (DSSCs) is investigated. Ni@as
chosen as the photocathode for this applicatiortalits stability, wide band gap apetype
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nature. For high light conversion efficiency DSS€guire a mesoporous structure exhibiting a
high surface area. This can be achieved by simggramticles of NiQ onto a conductive
substrate. In this study the use of both 2.45 Glitzawave plasma and conventional furnace
sintering were compared for the sintering of th®Nparticles. Coatings 1 to 2.5 um thick were
obtained from the sintered particles (mean parside of 50 nm) on 3 mm thick fluorine-doped
tin oxide (FTO) coated glass substrates. Bothuheeice and microwave plasma sintering
treatments were carried out at ~450 °C over a hitmiperiod. Dye sensitization was carried out
using Erythrosin B and the UV-vis absorption spedfrthe NiQ coatings were compared. A
44% increase in the level of dye adsorption waaiobt for the microwave plasma sintered
samples as compared to that obtained through fartnaatments. While the photovoltaic
performance of the DSSC fabricated using the miex@\plasma treated Ni@oatings

exhibited a tenfold increase in the conversiorcedficy in comparison to the furnace treated
samples. This enhanced performance was associdtethe difference in the mesoporous
structure of the sintered Ni©oatings.

Keywords: Dye-sensitized solar cells; Nickel oxide; Nandigdes; Microwave plasma

sintering; Dye sensitization
PACS codes: 84.60.Jt; 68.47.Gh; 81.07.Wx; 52.50.Sw; 68.43.-h
1. Introduction

Dye-sensitized solar cells (DSSCs) show considenablential as a relatively low cost
alternative to silicon based solar cells. Thesks egtre developed by Gratzel and co-workers in
1991 [1] and there is currently a considerable $omu enhancing their light conversion
efficiency and stability [2-8]. In the case of cemtional DSSCs, dye sensitization involves

solely the semiconductor anode made-tfpe TiO, nanopatrticles [1-8]. The counter electrode
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is generally a metallic cathode with no photoeladtemical activity [1-8]. To date the highest
conversion efficiency obtained of 11% [9], is Iéisan the best silicon based thin-film cells [10].
A method of further enhancing the light conversadiiciency as suggested by He et al. is to
substitute the cathode with a dye-sensitized plotiteegp-type metal oxide. This tandem dye-
sensitized solar cell design utilizes more of thiarsspectrum [11]. The efficiency, however of
p-type metal oxides is still very low, which limitiseir effectiveness in tandem DSSCs [12].
Amongst the potential reasons highlighted for tbergonversion efficiency of the cathode
within tandem DSSC, the more critical are the ilceght light absorption capability, poor charge
injection efficiency and charge transport ratenglaith inner resistance [13, 14]. One method
of improving this efficiency would be the prepaoatiof p-type metal electrodes with a surface
exhibiting high porosity without sacrificing the olenical stability of the resulting coatings.
This surface morphology ensures higher light alsmrgdy the monolayer of adsorbed dye,
while keeping an intimate contact betweengHgpe material and the dye molecules. This in
turn reduces the inner resistance and hence impyakie charge injection efficiency.

The focus of this research is on nickel oxide (Ni€atings, which has a considerable potential
for use as a cathode in tandem cells [11]. Thakiesto theip-type nature [15], excellent
chemical stability, in addition to well defined agatl and electrical properties [16]. Moreover,
NiOy is considered as a model semiconductor substugtéodts wide band-gap energy range
from 3.6 to 4.0 eV depending on the amount of Ni@dites [15]. NiQ films have been

fabricated by various techniques which include spiating, dipping, electrochemical deposition
[17], magnetron sputtering [18-20] and sol-gel Al- With the exception of electrochemical
techniques, the other deposition methods requissequent thermal treatments in order to

enhance the density of the coatings [21-26], taioltrystalline structure in the as deposited
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sputtered coatings [26] and to remove the bindénencase of sol-gel deposited coatings [21-
25]. Typically sintering conditions of 300-450 °@r130 to 60 minutes are reported [21-25].
There have also been a large number of reporteeititerature on the interaction between
microwave radiation and materials [27, 28] .Thdigbof microwaves to penetrate the surface of
the work piece enables rapid volumetric heatingniocrowave processing, reducing the need for
external heat sources [27]. Advantages of non-pasmerowave processing over furnace
treatment are reported to include finer grain sir@snded porosity and higher ductility and
toughness [29]. Increased shrinkage rates andaksmiegrain sizes can be achieved with
microwave plasma treatments compared with furnetergng [30-32]. With these advantages
and significantly reduced cycle times, microwavsisted plasma sintering offers an economic
route for the production and reduced energy con§omper process. In this study, the use of
microwave plasma as a sintering technology fomlNi@, particles is investigated for the first
time. The microwave plasma treatment techniqualisea¢ Rapid Discharge Sintering (RDS) and
it involves the immersion of the samples in micree/@lasma formed under reduced pressure
conditions. In this study a comparison is made betwthe RDS sintered Nj@oatings and

those obtained using conventional furnace sintetimgddition to a comparison of their physical
properties, the performance of the sintered costinglye-sensitized solar cells was also
evaluated.

The objective of this study is to prepargype NiQ, coatings to be used as a photocathode in
tandem DSSCs application. The challenge is to dpvebatings exhibiting mesoporous
properties with enhanced interconnectivity betwearticles and the FTO/NiOnterface to
reduce the inner resistance. The mesoporous steuatuhep-type electrode also favors dye

adsorption and charge injection from the sensitiaghe photocathode with resulting increase of
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the light-to-photocurrent conversion efficiency this study in addition to comparing the
influence of sintering process technology on thégemance of the NiQcoatings, a second
object is to evaluate how the duration of RDS sintetreatment influences coating
performance.

2. Experimental

2.1. Sample preparation and deposition of NiOy coatings

The NiQ, particulate layer was deposited onto fluorine dajredxide (FTO) glass (3 mm thick)
supplied by Mansolar. The glass substrates (2 X 2@re ultrasonically cleaned in propanol
followed by acetone, each for 5 minutes prior ®dlpplication of the NiQparticulate layer. The
NiO4 nanopatrticles (~50 nm) were suspended in methi{@0Aaing/ml) and the particulate layer
NiOy is deposited by spraying using a similar techniquinat described previously [33]. The
microwave-assisted plasma sintering process knewa@d discharge sintering was carried out
using a circumferential antenna plasma (CAP) mienasystem described in detail elsewhere
[34]. The plasma was formed at a pressure of 5 mmbamn argon and oxygen (10:1) atmosphere.
Input powers of 2.4 kW were supplied from a Muggerowave power supply operating at a
frequency of 2.45 GHz. The initial study with mierave plasma sintering evaluated the
influence of sintering time over a 1 to 10 minuggipd. Substrate temperatures were measured
using a LASCON QPO003 two-colour pyrometer from Derganthaler GmbH & Co. The furnace
treatments were carried out in air using a Carddliirnace (RHF 1200). For both the furnace
and microwave plasma sintering systems threg, Na@nples were treated simultaneously at
temperatures of ~450 °C, for a treatment time wiiftutes.

2.2.  Characterization equipment



The NiQ film thickness was measured by step height measmeusing a WYKO NT1100
optical profilometer in vertical scanning interferetry (VSI) mode. For the cross sectional
investigations, the coatings were mounted on stisbyy double-sided carbon tape, and sputter
coated with platinum, using a Emitech K575X sputtaaiting unit, to prevent surface charging
by the electron beam. Samples were then examined ad~El Quanta 3D FEG DaulBeam (FEI
Ltd, Hillsboro, USA). X-ray Diffraction (XRD) measements were carried out using a Siemens
D500 diffractometer operating at 40 kV and 30 mAWCZu Ko radiation in normal diffraction
mode at 0.2°/min scan rate in therange of 40-50°.

2.3. Dye sensitization, UV-vis measurements and | V-characteristics

NiOy coatings were sensitized with 0.3 mM Erythrosi(ERY) dye [11, 17, 22], in a 99.8 %
ethanol solution for 24 h. The dye adsorption wagstigated in transmission mode using an
AnalytikJenaSpecord 210 UV-vis spectrophotometer in the wavelengtlgeaof 350-700 nm.
The photovoltaic performance (I-V characteristitylge sensitized NiQcoatings were analyzed
in two electrode configuration using 870 W/#M 1.5 solar simulator and platinum coated
FTO was used as a counter electrode. Fhge behavior of ERY-sensitized Ni©@oatings was
observed using a custom made photoelectrochenettahdhree-electrode configuration:
Working electrode was ERY-Nin FTO; counter electrode was platinum, and adstah
calomel electrode (SCE) was utilized as the refegatectrode. The Electrolyte was 0.5 M Lil
and 0.05 M in Propylene Carbonate (from Sigma-Aldrich).

3. Resultsand discussion

Loosely adherent NiQparticulate layers were prepared from the metaleokmethanol slurry
using the spray technique. The layer thicknessmaiatained between 1-2 um. The initial study

with the RDS technique evaluated the influencaemksing time over a 1 to 10 minute period,
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on coating performance. Using the Scherrer equ@djto examine the XRD data, an increase
in crystallite size from 6.5 to 19.0 nm was obsdrga increasing the sintering time from 1 to 10
minutes (Fig. 1a). Only a small decrease in thei&@ticulate layers coating thickness was
observed after sintering.

In order to sensitizp-type NiQ, coatings, the oxide was treated with ERY dye. Thes
absorption spectra of the samples prepared unfferatit sintering times showed a gradual
decrease (Fig. 1b) of the amount of adsorbed dy#hé&coatings with the smaller crystallite size
to those with the largest crystallites. In ordepteparep-type DSSCs, the ERY sensitized NiO
electrodes were squeezed together with platinurteddar O using binder clips. The electrolyte
was filled uniformly into the interelectrode spdwecapillary forces. To optimize the NjO
coatings preparation, the open current photovolfsge), the short circuit photocurrent density
(Jso) and overall photocurrent efficiency)( were measured as a function of sintering tinng. F
2a details the |-V characteristics of the ERY s&xeil NiQ, coatings sintered at different times
(thickness: 1-2um). Though dye adsorption levelseviggher for the 1 minute sintered coatings,
the 5 minutes sintered sample (RDS5) exhibitedhiplkest efficiency. These sintering
conditions facilitate a high level of dye diffusiomhile maintaining interconnectivity between
individual oxide grains and FTO/NjOnterface. Thus the mesoporous sintered metakoxid
structure facilitates efficient charge injectioorfr the ERY dye. A subsequent study with 2.5 um
thick NiOy coatings also demonstrated a similar trend. prhyge behavior of ERY- sensitized
NiOy coatings (RDS5) was investigated as shown inZbgthe curves in dark and under UV
illumination demonstrated cathodic photocurrentgRilY-sensitized NiQcoatings with an onset
of photocurrent at approximately +120 m¥/(standard calomel electrode) SCE reference [11].

In order to compare the performance of RDS techmigith conventional furnace treatments, the
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NiOy coatings were also sintered at 450 °C for 5 minit@sbox furnace. The properties of the
furnace sintered coatings were then compared Wwabet obtained using the RDS technique.
XRD examination of the sintered Nj@oatings demonstrated a significantly smaller tediise

size of 6.5 nm for the microwave plasma sinteredmes, as compared to the 14 nm obtained
after the furnace treatment (Fig. 3a). Thus thellemgrain size along with more homogeneous
heating / sintering is achieved using the RDS teglenthus helping to maintain the mesoporos
structure of the NiQnanoparticles. A cross section of the coatindainbd by FIB/SEM from

the two sintering techniques is given in Fig. 4slitlear from these images that the RDS sintered
coating exhibits a higher level of bonding at thieiface between the Ni@oating and FTO

layer. A possible explanation for this is that RIBS treatment involves volumetric heating,
which provides more effective heating inside theahexide coating matrix than obtained with
the conductive heating obtained using the furnbxk=ed the latter treatment may give rise to
selective heating of the outer surface of a coatingoduce a heat affected zone [36]. From Fig.
4 it is clear that the RDS sintered oxide yieldawch rougher surface morphology, which would
also assist dye adsorption (Fig. 3b).

Finally, the photovoltaic performances of both R&sl furnace sintered coatings were
measured as detailed in Table 1. A tenfold increasenversion efficiency was observed for the
RDS sintered Ni@coatings (for both 1-2 um thick and 2.5 pm) as pared to the furnace
sintered sample. This Table also includes somentditerature reports for ERY sensitized NiO
These measurements were also obtained under tleetsahmethodology. 1-2 pm thick furnace
sintered and RDS sintered coatings reported herbraadly similar in efficiency to the values
reported in the literature while 2.5 um thick Ni€atings obtained with the RDS treatment

exhibit significantly higher performance may be dodigher level of dye adsorption.

8



Conclusion

The use of microwave plasma (RDS) sintering is caneg with conventional furnace treatment
in order to prepare Niphotocathodes for dye-sensitized solar cells egptin. The optimized
sintering time was evaluated in terms of conversgificiency for the RDS technique. The NiO
coatings produced with RDS exhibited superior aimet® FTO substrates compared with that
obtained using furnace treatments. The 44 % isereathe quantity of adsorbed dye in the case
of the RDS treated coatings significantly contrézlito the tenfold increase in light-to-current
conversion efficiency, compared with that obtaimgtth the furnace sintered coatings. This
enhanced performance of the microwave plasma sohféiQ, coatings is associated with their
smaller grain size after sintering, higher surfemeghness and enhanced level of
interconnectivity between grains in the mesoporaetal oxide structure.
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Table 1. Photovoltaic performance pftype photocathodes prepared by RDS and furnace
(compared with reported values in literature). ltigburce was AM 1.5 solar simulat®r870 W

m?). Electrolyte:0.5 M Lil and 0.05 Mlin propylene carbonate.

This study / Reported data Sintering Vo I, FF Efficiency
(NiO thickness) time (mV) (mAcm-Z)

(min)
Rapid Discharge Sintered (RDS) 5 120.00 1.05 36 0.0450

(~2.5 pum thick)

Furnace sintered 5 84.00 0.22 25 0.0050
(~2.5 um thick)

Furnace sintered 30 35.29 0.21 26 0.0023
(~2.5 pum thick)

Rapid Discharge Sintered (RDS) 5 72.14 0.53 28 0.0118
(~1-2 um thick)

Conventionally Sintered (CS) 5 50.30 0.24 28 0.0037
(~1-2 pm thick)

He etal. [11] (~1 um thick) 60 83.00 0.20 27 0.0070
Nattestad et al. [22] (~1.6 um 20 120.00 0.36 26 0.0110
thick)
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Figures captions

Fig. 1a XRD spectra of 1 to 10 minute rapid disgeasintered NiQcoatings (1-2 um). The
crystallite size information was calculated using Scherrer equation.

Fig. 1b UV-vis absorbance spectroscopy of 1-2 piskttlye sensitized NiQcoatings (sintered
1 to 10 minutes).

Fig. 2a Photovoltaic performance of ERY sensitike0, coatings (1-2 um thick) using the light
from AM 1.5 solar simulatorl ( 870 W n¥). Electrolyte: 0.5 M Lil and 0.05 M in propylene
carbonate.

Fig. 2b Current densitys applied potential curves for 5 minute, 2.5 umKRHRDS sintered NiQ
coatings sensitized with ERY.

Fig. 3a XRD spectra of 2.5 um thick Ni@oatings sintered for 5 minutes using furnacetard
RDS technique. The crystallite size was calculatdg the Scherrer equation.

Fig. 3b UV-vis absorbance spectra of 2.5 um thiRYEensitized-NiQ coatings sintered for 5
minutes using the furnace and the RDS technique.

Fig. 4 FIB/SEM cross section images of Ni&atings obtained after 5 minute sintering usajg (
the furnace and (b) the RDS technique. Both codlinlnesses were approximately 2.5 um.
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