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A high-throughput screening (HTS) method based on fluores-

cence imaging (FI) was implemented firstly to evaluate catalytic 

performance of selenide-modified nano-TiO2. Chemical ink-jet 

printing (IJP) technology was reformed to fabricate a catalyst 

library comprising 1405 (NiaCubCdcCedIneYf)Sex/TiO2 (M6Se/Ti) 

composite photocatalysts. Nineteen M6Se/Tis were screened 

out from the 1405 candidates efficiently.  
Photocatalysis has been studied extensively as a promising en-

vironmental remediation technology for removal of contami-
nants.1-3 Nano-TiO2 photocatalysts applied in the fields of water 
splitting, organic degradation have obtained much more 
achievements.4, 5 While there were still many limits in the devel-
opment of these catalysts.6 Doping or modifying pure nano-TiO2 
photocatalyst to promote its photocatalytic activity become an 
urgent task, which is also benefit for the popularization and ap-
plication of heterogeneous photocatalytic technology.7-9 

Among all the technologies for improving the photocatalytic 
activity of nano-TiO2, composite semiconductor modification has 
attracted much more attention. There were a variety of the ma-
terials or their mixtures being synthesized as catalysts.10-12 Con-
ventionally, when researchers chose the co-semiconductor, they 
have to carry experiments based on the existing records or inex-
act concludes. Consuming lots of manpower and resources, they 
did screening, optimization, and verification repeatedly, while got 
little substantial progress.1, 13 The recent emergence of high-
throughput screening technology has fundamentally changed 
people's thinking mode because of its efficient, sensitive charac-
ters and performance of being a one-time detection of large 
samples. As an alternative pathway, appropriate high-throughput 
screening technologies are apt to overcome the obstacle and to 
broaden the sight of researchers.14-16 HTS method is opening a 
promising method for highly efficient discovery and optimization 
of new catalysts. 22, 28 

The selenides of Ni, Cu, Cd, Ce, In or Y had been reported ex-
tensively as photocatalyst materials, exhibiting good photocata-
lytic performance.23-27 We choose selenide-modified TiO2 nano-

particle as target photocatalysts. In view of the above mentioned 
investigations, we are in an attempt to confirm the applicability 
of a new HTS method for determining the photocatalytic perfor-
mance of selenide-modified TiO2.  In our work, for evaluation of 
photocatalytic performance of the prepared catalysts, the aque-
ous eosin (detailed formula and spectrum in supporting infor-
mation Figure S6) degradation is chosen as the target reaction. 
UV-lithography technology will be adopted and adjusted to pre-
pare chips containing numerous independent microreactors. A 
composite catalyst library M6Se/Ti will be established by a re-
formed IJP method. For its advantages of high stability, sensitivity 
and efficiency, fluorescence imaging (FI) is selected to evaluate 
the catalytic performance of the catalysts in all react units (de-
noted clearly as react-unit). 

At the initial stage, a new microreactor chip (denoted as MR-
chip) of HTS experiment was fabricated by UV-lithography tech-
nique.29, 30 The obtained MR-chip was comprised of thousands of 
tiny cells (500 × 500 μm), with a structure of hydrophobic border 
and hydrophilic cell (Figure S1b). The typical operation was 
schematically depicted in Figure S1 (See Supporting Information 
for details). The prepared MR-chip possessed some features. The 
measurements of the contact angles of the material surface (Fig-
ure S2) revealed the glass substrate was highly hydrophilic and 
the calcined PVL surface was super hydrophobic. The photos of 
aqueous solution in the cells (Figure S1c) displayed the water was 
well separated by the grid lines and stabilized into the grid cells. 
These direct tests confirmed the well implementation of the 
independent microreactors on MR-chip. 

The establishment of catalyst libraries was fulfilled by means 
of chemical printing, i.e. IJP technology31, 32. It can be used to 
construct catalyst libraries with controlling the proportions and 
placements of precursor solutions. A designed navigation tem-
plate (Figure 1a) was comprised of two layers. Regular CMY val-
ues were at all points in each layer, representing ink quantities of 
cyan, magenta, and yellow (CMY). These three inks were corre-
sponded to three metal solutions. Amounts and location of the 
metal solutions were controlled by tuning the output of these 
three inks (between 0-100% in steps of 1%). The intensity of the 
color directly reflected the concentration of the printed ‘ink’. 
CMY values are continuous and variable in the template. Based 
on the above template, a library of 1405 M6Se/Ti (M = Ni, Cu, Cd, 
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Ce, In, Y) was realized in a printing area (enclosed in Figure 1b, 
denoted as PA). The gray value of the designed template (Figure 
S3) was in statistic to reflect the variation of CMY values. In the 
gray variation of a strip (Figure 1a) there was a regular and con-
tinuous gray value, implying diverse proportions of printing met-
als.

 

 Figure 1. (a) the designed template and (b) the as-printed MR-
chip following the template. 

 
For the printing inks, a series of metal precursor solutions 

were prepared. Particularly, surface tension was adjusted with 
ethanol and ethylene glycol monobutyl ether to make it exactly 
consistent with original ink, ensuring the proper run of printer. 
Prior to printing step, some prepared pure TiO2 nanoparticle (~25 
nm) was transplanted into the cells on MR-chip elaborately. In 
the operation, the nano-TiO2 (100 mg) was dispersed in 10 ml 
ethylene glycol solution (10 vol%) with the aid of sonication. 
Then the suspension was quantitatively sprayed on a MR-chip 
evenly by an airbrush (See Supporting Information for details). 

IJP technology was reformed to fabricate composite catalysts 
library. Here, we employed a commercial color ink-jet printer 
(Lenovo 3110) to complete the job. For the overprint actions on 
the glass slide accurately, the transmission system of the printer 
was completely reformed. The printing process was described in 
Supporting Information for details. With the guide of the de-
signed templates (Figure 1), 6 metal solutions were printed on 
MR-chip as precursors. The 1405 CMY values and specific metal 
atomic ratios (Ratom) of M6Se/Ti catalysts in all react-units were 
displayed in Table S2. After printing operation, a gas-phase 
selenizing process in an autoclave was adopted to obtain the 
target catalyst library (See Supporting Information for details). 

Some experiments of catalyst characterization were carried 
out to ascertain whether the as-prepared catalysts were con-
sistent with the preset printing values. Randomly, the catalyst in 
a unit (located at (0.32, 0.79), the red square on Figure S4c) were 
selected as an example. From the EDS spectra of the composite 
catalyst (Figure S4), the Ratom was 0.16:0.02:0.11:0.53:0.00:0.18 
of the 6 metals (Ni, Cu, Cd, Ce, In, Y). While the ratio was 
0.17:0.01:0.12:0.51:0.00:0.19 calculated from the preset printing 
values. With a relative error ≤ 6%, the prepared catalyst followed 
the intended components. 

The eosin photocatalytic degradation was carried out in a nov-
el 2D reactor designed for our HTS experiment specifically. The 
reactor was composed of a quartz glass window, a silica circle, 
as-prepared MR-chip and a glass baseplate (Figure 2). The as-
sembled reactor formed a confined space with a height of only 
hundreds of microns. The confined space effectively avoided the 
evaporation of the solution, being confirmed in our previous 
research.33 During running, certain amount of substrate solution 
(aqueous eosin, 1 g/L) was atomized into microdroplets (size: 1 

to 5 μm) by an ultrasonic nebulizer firstly, and then fell on the 
surface of MR-chip. Owing to the hydrophobicity of the grid lines, 
the microdroplets were finally dispersed and stood in the cells, 
ensuring the independence of each react-unit. The assembled 
reactor was stabilized in dark for 30 min.  Then the reactor was 
running under irradiation of 365-nm UV. Simultaneously, a CCD 
camera was utilized to capture fluorescent images of the PA in a 
certain time interval to record the change of fluorescence inten-
sity (If) in all units. 

 

Figure 2. An airtight 2D reactor made up of (A) quartz glass win-
dow, (B) silica circle, (C) as-prepared MR-chip and (D) glass 
baseplate. 

 
Fluorescence images (Figure 3) were captured to evaluate the 

catalytic performance of catalysts on MR-chip. In the process of 
eosin degradation, If decreased with the concentration of fluoro-
genic substrate. Because of the performance of varied compo-
nents of catalysts, react-units displayed diverse If changes. Some 
luminous spots at initial time were darkling following the 40 min 
photoreaction in the PA, which indicates that the catalysts’ activi-
ty is higher in this area. The detailed If of every react-unit was a 
database, which is rich resource to explore numerous aspects of 
catalysts performance. 

 
Figure 3. Fluorescence images at certain running times in the PA. 

 

To screen out active catalytic units in PA, optical density (OD) 
was measured in all react-units. The If decrement was deter-
mined by OD after a 40 min reaction. The screening method is 
definitely as follows. The grayscale image of 0 min was subtract-
ed by that of 40 min, then analyzed the sub image by using the 
Image-Pro Plus software. Through setting area size and the OD 
threshold, 305 react-units with higher △OD values from PA were 
screened out (accurate values were listed in Table S3). The △OD 
value of these units is directly related to the catalytic efficiency 
of the catalyst in the units. These △OD values were analyzed sta-
tistically in Figure 4a, and mainly distributed within the range of 
0.10 to 0.18. Nineteen react-units (△OD > 0.18) are much higher 
in catalytic efficiency, ranked into react-unit 1-19 according to 
△OD. As contrary, a react-unit (noted as 20) with the smallest 
△OD value was screened out as well. 
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Figure 4. The screening results based on OD measurement in the PA. (a) The △OD statistics of 305 react-units. (b) Locations of the se-
lected twenty units (19 highly active units and a low one, 20) 

 
The positions of the screened 20 units (Figure 4b) were located 

in the designed template to ascertain the Ratom of selenides. The 
generally locating method was: took the template’s left bottom 
as the origin of coordinates, corresponded it with the active units 
position in the actual reaction zone. By locating it on the de-
signed pattern, we ascertain the CMY (C1M1Y1C2M2Y2) value in 
these units, which corresponded to the relative amount of Ni, Cu, 
Cd, Ce, In, Y in each channel. Then the 6 metals Ratom in react-unit 
were obtained in the following Table S2. Calculated from CMY 
value, the 6 metals Ratom in react-unit 1-20 were obtained in Ta-
ble S1. The basic distribution of the active catalyst units was 
symmetrical, which was consistent with the designed symmetry 
in the template. From Table S1, the primary content of Ce, Cd, Ni 
was all greater than 0.2, indicating they might account for main 
contribution to the catalytic activity of the modified TiO2. 

The catalytic performance of catalysts in react-units was also 
evaluated by OD changes during the reaction. The OD changes 
over reaction time of the three best and contrasting one were 
studied here. Specific changes were depicted in Figure 5. The If 
changes of unit 1 were the most remarkable (the top-left part of 
Figure 5). And the OD change rates were unit 1 > unit 2 > unit 3 > 
unit 4. The If in these 4 units all weakened gradually with the 
increase of time, which was consistent with the catalytic reaction 
processes. 

 
Figure 5. The OD changes of 4 react-units with increasing of reac-
tion time. Unit 1 to 4 were the first three and the last entries 
listed in Table S1. 

 

The photocatalytic activity of selected M6Se/Ti was also evalu-
ated in ordinary batch experiment. The components of the 4 
participant catalysts were (Ni0.37Cu0.04Cd0.28Ce0.05In0.15Y0.11)Sex 

/TiO2, (Ni0.33Cu0.33Cd0.01Ce0.25In0.00Y0.08)Sex/TiO2, (Ni0.02Cu0.01Cd0.02 

Ce0.48In0.39Y0.08)Sex/TiO2, (Ni0.33Cu0.41Cd0.02Ce0.19In0.04Y0.01) Sex/TiO2 
for unit 1 to 4, respectively. The reaction results (Figure S5) 
showed that within 1 h reaction, degradation efficiency was unit 
1 > unit 2 > unit 3 > unit 4. Detailedly, the degradation efficien-
cies were 93.1%, 89.8%, 87.2% and 42.7%, respectively. The re-
sults were in agreement with that from HTS method. 

As a conclusion, in this work, a HTS experimentation based on 
FI was established and implemented to evaluate the photocata-
lytic performance of selenide-modified nano-TiO2. A chip con-
taining numerous independent microreactors was successfully 
prepared by an UV-lithography method, which realized the con-
trol of multiple variables in the same condition. Chemical IJP 
method is adopted to establish a catalyst library including 1405 
M6Se/Ti composite catalysts. The catalyst activity for the degra-
dation reaction was evaluated efficiently by FI technology. By the 
way, three catalysts with high catalytic efficiency were screened 
out, (Ni0.37Cu0.04Cd0.28Ce0.05In0.15Y0.11)Sex/TiO2, (Ni0.33Cu0.33Cd0.01 

Ce0.25In0.00Y0.08)Sex/TiO2 and (Ni0.02Cu0.01Cd0.02Ce0.48In0.39Y0.08)Sex/ 
TiO2. The proposed HTS method avoided the blindness and mate-
rial-wasting of catalysts optimization and also provided a path-
way to explore the extremely-complex catalysts. 
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