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ABSTRACT

We prepared blocking layers by adding 0.0 ~ 0.6 wt% nano diamond blends (DBs) to TiO
2
 blocking layers to improve the energy

conversion efficiencies (ECEs) of dye sensitized solar cells (DSSCs). TEM and micro-Raman spectroscopy were used to character-

ize the microstructure and phases of DBs, respectively. Optical microscopy and FE-SEM were used to analyze the microstructure

of the TiO
2
 blocking layer with DBs. UV-VIS-NIR spectroscopy was used to determine the absorbance of the working electrodes.

A solar simulator and a potentiostat were used to determine the photovoltaic properties and the impedance of the DSSCs with

DBs. From the results of the DBs analysis, we determined a 6.97 nm combination of nano diamonds and graphite. We confirmed

that ECE increased from 5.64 to 6.48 % when the added DBs increased from 0.0 to 0.2 wt%. This indicates that the effective sur-

face area and electron mobility increased when DBs were added to the TiO
2
 blocking layer. Our results indicate that the ECE of

DSSCs can be enhanced by adding an appropriate amount of DBs to the TiO
2
 blocking layers.
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1. Introduction

ye sensitized solar cell (DSSC) is a type of solar cells

being operated by the similar principle to that of photo-

synthesis, and is composed of a working electrode part

which generates electrons and positive holes and moves

electrons upon, a counter electrode part which receives light

delivering electrons to an electrolyte through an external

circuit, and an electrolyte for oxidation and reduction

actions.1) Also, since production costs of the DSSC are rea-

sonable compared with currently commercialized silicon

solar cells and production of devices of diversified colors and

control of transparency allowed, it may be applied to a vari-

ety of areas such as building windows and automobile

glasses, etc.2)

However, there is a problem in the case of the DSSC

where somewhat low efficiencies around 12% have been

observed thus far whereas energy conversion efficiencies of

25% are exhibited by silicon solar cells.3) To improve such

low efficiencies of the DSSC, studies are being conducted

actively on engineering of individual components such as

counter electrode part, dye part, working electrode part, etc.

For the counter electrode, studies on increasing the efficien-

cies by making double layer structures of Cr/Pt, etc. in the

place of Pt employed as a catalyst in the past have been

reported,4) while studies have been published on enabling

an increase in the efficiencies through expansion of the

wavelength band of absorbable light by adding phosphor

materials to the dye part.5)

For efficiency improvement studies through engineering

of the working electrode part, much investigation is being

conducted for addition of new materials capable of increas-

ing specific surface areas and electron mobilities of the

working electrode part. In the case of engineering to

increase specific surface areas of the working electrode part,

structure improvement of TiO
2 

layer or blocking layer is

being realized, and X. Luan et al.6) have reported that spe-

cific areas of the working electrode as well as efficiencies are

increased when TiO
2 
layer is produced to have a structure of

nano rod, nano tube. In the case of engineering to increase

electron mobilities of the working electrode part, Dubacheva

et al.7) improved electron mobilities by adding to the TiO
2

layer carbon allotropes such as C
60

, carbon nanotube, gra-

phene, etc., while Zhang et al.8) reported that efficiencies

were improved from 3.63% to 6.34% by improving electron

mobilities through addition of CNT to TiO
2
. However, stud-

ies on a simultaneous increase in both specific surface areas

and electron mobilities are scarce.

Diamond blend (DB) is unrefined nano diamond (ND)

including various impurities which are produced first upon

ND generation by explosion method. Therefore, there is an

advantage of being economical in comparison with commer-

cially refined ND. While it is produced as carbon atoms

instantaneously form SP
3 

bonding under a high-tempera-

ture, and high-pressure environment, atomic bonding fails

to be completely changed at this time and other carbon allo-

tropes such as carbon nanotube, graphene, carbon black,

D
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etc. having SP
2 

bonding come to exist as impurities. Each

carbon allotrope has a different band gap structure as in

graphene (0 eV), carbon nanotube (1.71 eV), graphite (1.72 eV),

and diamond(5.5 eV). Other allotropes excluding diamond

have a structure consisting of SP
2 
bonding, and are charac-

terized by a high thermal conductivity and a small band gap

compared with TiO
2
 (3.2 eV) along with an excellent elec-

tron mobility due to a lower energy level of conduction

band.8) When the DB having such characteristics was

applied to the DSSC, an improvement in electron mobilities

is expected by reduction of a difference in energy levels

among dye, TiO
2,
 FTO substrate through carbon allotropes

together and an improvement in specific surface areas due

to ND by using characteristics of nano-class particles. 

In the present study, possibility of efficiency improvement

in the DSSC through improvements in specific surface

areas and electron mobilities was affirmed while 0.00, 0.02,

0.05, 0.20, 0.30, 0.50, 0.60 wt% of DB were added to the

blocking layer. 

2. Experimental Procedure

In the present study, 0.0 ~ 0.6 wt% of diamond (Korea

Technology Trade Co., Ltd.) was prepared for evaluation of

properties resulting from addition of diamond blend (DB) to

the blocking layer of a dye sensitized solar cell (DSSC)

device. The DB employed here was a product having a parti-

cle size of 6 ~ 10 nm, and ND purity of 50%.

To check for microstructures of the DB, an analysis was

conducted by using TEM (Transmission electron micro-

scope, JEOL Co., JEM-2100F). After drying following drop

on the upper part of a grid coated with carbon film subse-

quent to dispersion of the DB mixed with ethanol using

ultrasonic waves, it was mounted on a TEM instrument

holder for observation of magnified images. 

 Also, DB compositions were checked by using a micro-

Raman spectrograph (UniThink Co., UniRaman). Here, the

specimen was placed on a silicon wafer with a high reflectiv-

ity after dispersing DB in ethanol, and characteristic peaks

of main component carbon allotropes were checked with the

noise removed by scanning for 60 times in an accumulation

mode where the exposure value for light source was 5 sec-

onds, at a center value of 2000 cm−1 in a range of 1100 ~

2800 cm−1. 

For production of a blocking layer for the working elec-

trode, blocking layers of various conditions were produced

by spin coating under the conditions of 500 rpm for 10 sec.,

2000 rpm for 40 sec. following dispersion of 7 types of the

mixed solutions with addition of 0.00, 0.02, 0.05, 0.20, 0.30,

0.50, 0.60 wt% of DB, respectively, to a mixed solution of

titanium (IV) bis (ethyl aceto acetato)-diisopropoxide and 1-

Butanol by using an ultra sonicator.

In addition, to check for microstructures of the blocking

layer, surfaces were observed under an optical microscope

(Carl Zeiss Co., Scope. A1), while surfaces of the blocking

layer were observed in FE-SEM (field emission scanning

electron microscope, Hitachi Co., S-4800) by using an accel-

eration voltage of 15 kV. 

TiO
2 

film was prepared by coating of TiO
2 

paste (Dyesol

DSL 18NR-T of 10) having a particle size of 20 nm on the

produced blocking layer using doctor blade method followed

by heat treatment at 500oC for 30 minutes. Subsequently, a

working electrode having a structure of glass/FTO/blocking

layer (TiO
2
 with diamond blends)/TiO

2
/dye (N719) was finally

completed by adsorbing 0.5 mM cis-vis bis-ruthenium (II)

bis-tetrabutylammonium (N719). 

To check for absorbance of the produced working electrode

resulting from DB addition, an analysis was conducted by

using UV-VIS-NIR (Shimadzu Co., UV3105PC). Here, absor-

bance measurements for each sample were completed by

mounting an instrument for absorption mode and setting

the scan speed at a medium value. To find an average absor-

bance in the visible light bandwidth in the range of

400 ~ 800 nm, an average value was obtained by adding

absorbances at each wavelength band and dividing the sum

by the frequency of addition.

For production of a counter electrode, 100 nm Pt was

vapor-deposited across the entire face of a flat glass sub-

strate by using a RF sputter (MHS-1500, Moohan. Co., 300

W, 13.56 MHz). As a target for Pt thin film deposition, 99.99%

Pt was used, respectively, while 40 sccm Ar was used as a

reaction gas at room temperature (RT) under a process

pressure of 5 mtorr for production of a thin film.

The DSSC device of 0.45 cm2 in effective area having a

vertical cross section of glass/FTO/blocking layer (TiO
2
 with

diamond blends)/TiO
2
/dye (N719)/electrolyte/100 nm Pt/glass was

finally completed by joining the prepared working electrode

part and the counter electrode part and by inserting an elec-

trolyte. 

To check for opto-electrical characteristics of the DSSC

device, I-V (current-voltage) was measured by using a solar

simulator (PEC-L11, Peccell) and a potentiostat (Iviumstat,

Ivium). At this time, an analysis was made by using a light

source of 100 W Xenon lamp under the condition of 1 sun

(100 mW/cm2). For the I-V analysis, short circuit current

density, open circuit voltage, fill factor, and energy conver-

sion efficiency were checked together. To check for an inter-

facial resistance of the completed device, impedance mea-

surements were also conducted. 

3. Results and Discussion

Figure 1 is a TEM image taken for the microstructure of

DB. Size of a DB particle was measured to be 6.98 nm, and

the structure was agglomeration of several particles having

a sphere form due to strong agglomeration forces between

carbon allotropes.9) In view showing of particles is a sphere

one, carbon nanotube having a crystalline structure of tube

shape is not considered to exist, and carbon allotropes

included as impurities in the DB were presumed to be

graphite or graphene having a sphere form. 

Figure 2 represents a Raman result for the analysis of
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compositions of carbon allotropes contained in the DB. Two

peaks were observed at 1345, 1584 cm−1. The peak at 1345 cm−1

was considered to have appeared wide due to overlapping of

the characteristic Raman peak of graphite appearing at

1350 cm−1 and the Raman peak of diamond appearing at

1332 cm−1. The peak observed at 1584 cm−1 was in agree-

ment with the Raman peak of graphite reported by Reich et

al.10) Although a peak was observed at 1600 cm−1 in the case

of graphene in the same way as with graphite, graphene was

considered not to exist since no peak appeared at 2700 cm−1.11)

Consequently, according to the Raman analysis results, all

impurities contained in the DB employed in the present

study were considered to be present in the form of graphite. 

Figure 3 is an optical microscope image observed at 500

times magnification for a device coated onto a FTO sub-

strate by spin coating method after dispersing 0, 0.5 wt% of

DB in the blocking layer. The figure inserted at the top on

the right side is a FESEM of the same device analyzed at

25000 times magnification. In the case of the blocking layer

with addition of 0.0 wt% DB in (a), uniform coating of the

blocking layer along the irregularities of FTO layer could be

affirmed, and in the case of addition of 0.5 wt% DB in (b) as

compared with this, uniform distribution of the shapes of

black agglomerates throughout surfaces could be affirmed

so that successful realization of DB dispersion was ascer-

tained as intended. 

Shown in Fig. 4 is an absorbance graph of the working

electrode part measured by UV-VIS-NIR. When amounts of

DB addition were 0.0, 0.6 wt%, average values of absor-

bance in the wavelength band of 400 ~ 800 nm were shown

to be 0.48, 0.53, respectively. As compared with the case of

no addition, absorbance could be affirmed to increase in the

case of DB addition, which is a result that specific surface

areas of the blocking layer were increased due to DB addi-

tion and hence adsorption amounts of dye were increased

accordingly. 

Figure 5 shows a Nyquist diagram consisting of real num-

bers and imaginary numbers for the frequencies imposed on

a DSSC device of glass/FTO/blocking layer (TiO
2
 with DBs)/

TiO
2
/dye (N719)/electrolyte/100 nm Pt/glass structure with

DBs additions of 0.0 ~ 0.6 wt%. As with internal resistance

of a general DSSC, 3 types of semi-circles (R
1
, R

2
, R

3
) were

affirmed to appear. R
1
 value is related to the resistance of

FTO/TiO
2
 interface and the resistance of electrolyte/counter

electrode interface to movement of electric charges at 103-

105 Hz, showing similar values of about 1.6 Ω upon addition

of 0.0 ~ 0.6 wt% of DB. 

Also, R
2
 value is related to the resistance to movement of

electric charges in TiO
2 
at 1-103 Hz, and it could be seen to

Fig. 1. TEM image of the nano diamond blend.

Fig. 2. Raman spectrum of the diamond blend. 

Fig. 3. Optical images of the blocking layer with (a) 0.0 wt%
DB, and (b) 0.5 wt% DBs. Insets are magnified from
FE-SEM images.

Fig. 4. UV-VIS-NIR spectra of the working electrodes with
DBs additions. 
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decrease to 6.5, 5.9, 5.3, 5.4, 5.4, 5.2 Ω, respectively, in the

case of a device with DB addition while a value of 6.1 Ω was

shown for the device with 0 wt% addition. This was consid-

ered to be attributable to an increase in electron mobilities

due to an effect of graphite with a smaller band gap com-

pared with TiO
2 
resulting from

 
addition of DB to TiO

2
. In the

meanwhile, Warburg impedance R
3 

related to oxidation-

reduction reaction of the electrolyte showed a similar value

of about 2.7 Ω due to the use of the same electrolyte.

Therefore, the resistance to electric charge movement in

TiO
2 
could be affirmed to decrease as an effect of graphite

with a small band gap upon addition of DB to the blocking

layer.

Table 1 shows I-V data of a DSSC device resulting from

DB addition, indicating the results for open circuit voltage,

fill factor, short-circuit current density and energy conver-

sion efficiency.

In the case of open-circuit voltage (Voc), similar values

were shown at about 0.66 V within an error range, since the

same electrolyte was used as a factor affecting oxidation-

reduction reaction of the electrolyte. 

 In the case of fill factor (FF), similar values were shown

within an error range, since the same TiO
2 

paste and Pt

electrode as well as electrolyte were used as a factor affect-

ing interfacial resistance. 

In the meanwhile, in the case of short-circuit current den-

sity (Jsc), it may be affirmed to increase and then decrease

with the amounts of DB addition, which meant that resis-

tance to electron movement could be reduced and changes

in band gap could occur to reduce recombination of electrons

as an effect of graphite with a smaller band gap compared

with TiO
2
 among the impurities contained in the DB. Such

changes in band gap were considered to play the role of

reducing a loss of electrons as electrons produced from the

dye move from the semiconductor oxide layer to the blocking

layer, which showed a result in agreement with the reduc-

tion in R
2 

values indicative of resistance to electron move-

ment as shown previously in the impedance results. When

DB addition is excessive being higher than 0.3 wt%, the

short-circuit current density can be seen to rather decrease,

which was considered to be a result of reduction in move-

ment paths of electrons due to a relative reduction in the

fraction of TiO
2 
layer as an electron transmission material

with an increase in amounts of DB addition. 

In the case of energy conversion efficiency (η), it was

changed in a similar way to the short-circuit current density

since open-circuit voltage and fill factor were measured to

be almost similar as a result of DB increase. Namely, while

it was gradually increased with addition of DB to the block-

ing layer so that an efficiency of 6.48% was observed upon

addition of 0.2 wt% DB in comparison with an efficiency of

5.64% observed upon addition of 0.0 wt% DB, showing a

maximum efficiency increase by 1.15 times. Such increase

in the efficiencies could be explained as being attributable to

a decrease in the resistance to electron movement by DB

addition as with the short-circuit current density and to the

corresponding increase in the short-circuit current density. 

4. Conclusions

To improve efficiencies of dye sensitized solar cells (DSSCs),

0.0 ~ 0.6 wt% of diamond blend (DB) was added to the

blocking layer and the corresponding changes in material

properties and opto-electrical characteristics of the DSSC

were affirmed. With addition of DB to the blocking layer,

resistances to electron movement were decreased while

efficiencies of the device were increased. Final efficiencies

of the final device were increased upon DB addition up to

0.2 wt%, which resulted from an increase in electron

mobilities as a material with a small band gap was added.

In the meanwhile, efficiencies were decreased when the

amounts of DB addition were more than 0.3 wt%, and this

is attributed to a decrease in the short-circuit current den-

sity due to a reduction in the areas of electron transmis-

sion path as a result of a relative decrease in the fraction

of TiO
2 

with an increase in the amounts of DB addition.

Consequently, efficiencies of a DSSC device could be

increased by adding an appropriate amount of DB to the

blocking layer. 

Fig. 5. Impedance spectra of the DSSCs with DBs additions. 

Table 1. Photovoltaic Performance and Energy Conversion
Efficiency of DSSCs with DBs Additions

DB contents 
(%)

Open circuit 
voltage (Voc)

Fill factor 
(FF)

Short circuit 
current 

density (Jsc)

Energy 
conversion

efficiency (η)

0.00 wt% 0.66 0.65 13.10 5.64

0.02 wt% 0.67 0.65 13.28 5.75

0.05 wt% 0.66 0.65 14.52 6.19

0.20 wt% 0.66 0.63 15.58 6.48

0.30 wt% 0.65 0.63 15.85 6.44

0.50 wt% 0.65 0.63 15.06 6.11

0.60 wt% 0.66 0.61 15.12 6.05
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