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Abstract 

We introduce an ink-jet printing technique for fabricating 
Multicomponent Mesoporous Metal Oxides (MMMOs). The 
properties of the precursors and organic templates, and sol–
gel/mesostructure co-assembly process can be controlled to meet 
the demand of ink-jet printing synthesis onto different solid 
surfaces (such as ceramic, glass, quartz, paper, and cloth). 
Parallel syntheses of MMMOs libraries achieve greater stability, 
precision, highly dispersion, and uniformity. MMMOs libraries 
with varied composition, stoichiometries and self-assembled 
nanostructures can be prepared by ejecting precursors 
microdroplets via nozzles with the aid of a computer specification 
design file and software (>104 samples/day). This approach 
provide an efficient way to search through the largely unexplored 
universe of MMMOs with binary, ternary, and higher order for the 
discovery and optimization of better catalysts for photocatalytic 
hydrogen production by liquid-phase reforming of formaldehyde-
water solution. 

Introduction 
Mesoporous metal oxides with varied advanced features such 

as high surface areas, crystallinity and uniform pore size have been 
widely used as desirable catalysts or support materials in 
heterogeneous catalysis. [1-4]An efficient strategy that can parallel 
synthesis and high-throughput screening of single- and multi-
component mesoporous metal oxides (MMMOs) will be useful to 
expedite searching of catalytic materials from large databases in 
the catalysis industry. Previous development of catalysts has 
largely relied on trial-and-error methods, which remains as a time-
consuming and unpredictable process.[5] Pioneered by the drug 
discovery process in the pharmaceutical industry, combinatorial 
approach is introduced as a high-throughput methodology to speed 
up the pace for searching catalysts. [6-8] The promising route of 
combinatorial catalysis is enable to intelligent planning and 
execution execute of highly parallel synthesis, process and test 
large-scale solid materials in a high-throughput fashion with 
minimal human intervention. This progress has been developed for 
metal oxides catalysts.[9-13] When extending such methodology 
to the development of MMMOs catalysts, there are two formidable 
tasks: parallel synthesized of diverse structural and composition 
MMMOs libraries and rapid high-effective screening strategy of 
the catalytic activity for large-scale libraries. 

Guided by our previously studies of the sol–gel/mesostructure 
co-assembly process in AcHE system [14]and by understanding of 
ink-jet printing technique[15], we prepare to parallel synthesize a 
series of MMMOs (10,000 samples/day) with different 

compositions and stoichiometries. Ink jet printing (IJP) is 
distinguished in the high-throughput parallel synthesis by the size 
of the working area, the flexibility with respect to jet volume range 
from the microliter to several milliliters, and the support in 
programming the robots for catalysts, organic device 
combinations, and biomaterials.[16-18] Although the surfactant-
templated silica mesoporous materials has been synthesized by IJP 
technique, [19-21] high-throughput parallel synthesis of non-silica 
MMMOs libraries has not been reported yet. This is highly 
attractive and is easy to image. However, there are three synthetic 
challenges to take on. First, the dissimilar chemistry properties of 
the precursors and organic templates lead to clog printer head that 
disrupts the co-assembly process and affects the real composition 
of libraries. Second, the computer specification design file and 
software to ensure the stability, precision, highly dispersion, and 
uniformity of the libraries. Third, redox reactions, phase 
transformations, and crystallization question the stability of the 
printing films at elevated temperatures. Our approach is to adjust 
the composition of acetic acid, aqueous HCl, ethanol, and different 
metal alkoxides for satisfying the performances of ink-jet printing.  

On the other hand, the rapid high-effective screening strategy 
of the catalytic activity for large-scale libraries is another key 
factor that affects the discovery and development of new catalysts. 
Facing tens of thousands of combinatorial MMMOs libraries 
synthesized by IJP, it is impractical to analyze each combination 
individually using most popular combinatorial searching methods. 
Thus, the critical issue should be to build an available strategy. If 
we considered the catalytic activity depending on the variables as 
a ‘signal’ in the combinatorial space, wavelet analysis can be 
recommended for finding the feature of the unknown signal 
effectively. Basing on wavelet analysis, we can decompose the 
given signal into several groups of coefficients which contain 
information about catalysis characteristics of the sequence at 
different scales. Instead of searching the whole space, the 
decomposition enables us to search the subspace of the libraries 
iteratively. Furthermore, we can reduce the size of the search space 
and move forward promising regions of the space in each iteration. 
Wavelet analysis has been applied to a large variety of biomedical 
signals. [22] However, so far there have not reports on 
combinatorial screening materials for catalysis application yet.  

Photocatalytic hydrogen production from water is considered 
as one of the most important transformations to solve the 
development of renewable energy resources. Thus, we herein 
report the realization of rapid parallel ink-jet printing synthesize 
and wavelet analysis screening for combinatorial development of 
MMMOs catalyst in the photocatalytic hydrogen production by 
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liquid-phase reforming of formaldehyde-water solution. The 
meosoporous Cu-TiOx materials is capable of high efficient 
hydrogen generation which is comparable to that of noble metal 
loaded TiO2. The model system demonstrates the full power of our 
strategy. The advantages of high-throughput parallel synthesis and 
wavelet analysis screening make this strategy promising for other 
combinatorial catalysis fields, which could serve as a guide to find 
the most promising catalyst candidates. 

Parallel MMMOs library synthesis with ink-jet 
printing technique 

The power of the synthesis with IJP parallel produces 102 
samples per second with up to 8 different element components and 
102 different compositions. It can be used to effectively 
discovery/optimize materials. The properties of the precursors and 
organic templates, and sol-gel/mesostructure co-assembly process 
can be controlled to meet the demand of IJP synthesis onto 
different solid surfaces (such as glass, filter paper, and cloth) 
according to previously reported AcHE method. The printing 
patterns consists of N×N array, which is created with Adobe 
Photoshop™ in CMYK (cyan, magenta, yellow and black) mode 
on an Epson Stylus Photo 4880 ink-jet printer at a resolution of 
360dpi. N is the total number of combinations. In order to “force” 
the printers to print “virtual pattern”, new printing software 
“IPrint” are developed to control the information output.  

MMMOs libraries with varied composition, stoichiometries 
and self-assembled nanostructures can be produced by ejecting 
precursors’ microdroplets via the nozzles. Parallel syntheses of the 
libraries achieve greater stability, precision, highly dispersion, and 
uniformity. Fig.1a is a macroscopic optical image of Cu-mTiO2 
library with different Cu/Ti ratio formed in several seconds by 
print copper nitrate and titanium butoxides precursors. 
Transmission electron microscopy (TEM) shows the wormhole 
structure characteristic of the calcined Cu-mTiO2 mesophase 
formed by IJP (Fig.1c). The inset in Fig.1c shows the high-
resolution TEM (HRTEM) image of Cu-mTiO2, demonstrating the 
channel walls consist of nano-sized anatase crystals (d101=3.3Å), 
which are good agree with the wide-angle X-ray diffraction 
(WXRD) results (d101=3.46Å, Fig.1b). A detailed energy 
dispersive X-ray (EDX) element mapping measurement of Cu-
mTiO2 at a resolution of ~10 nm shows uniform X-ray intensity of 
Cu, Ti and O signals throughout the mesoporous particles—
revealing the existence of a homogeneous distribution of copper 
oxide and titania components (Fig.1e). Elemental analysis 
conducted for verifying the content of Cu and Ti in the Cu-mTiO2 
synthesized by IJP technique. Scanning electron microscopy 
coupled with EDX analysis indicates that the printing synthesize 
ratios of Cu/Ti are agree well with the theoretically design ratios 
aided by a computer specification design file and software 
(Fig.1d). 

Photocatalytic hydrogen production by liquid-
phase reforming of formaldehyde-water 
solution 

To illustrate the strategy based on the wavelet analysis for 
identification and optimization of catalysts, the photocatalytic 
hydrogen production is used as a model reaction. Taking into 
account of previously research work on TiO2,[23] which is one of  

 
Figure 2. IJP synthesized MMMOs library calcined at 350oC in air. a) Optical 
micrograph of Cu-mTiO2 array with different Cu/Ti ratio created by Epson 
Stylus Photo 4880 ink-jet printer at a resolution of 360dpi. b) Wide-angle X-
ray diffraction patterns of Cu-mTiO2. c) TEM and HRTEM (inset) micrograph 
of Cu-mTiO2. d) EDX analysis of Cu and Ti elements in Cu-mTiO2. e) 
Element mapping of a single Cu-mTiO2 particle. 

the most available photocatalysts, we investigate the compositions 
containing primary Ti with added amount of other transition metal 
elements. V, Fe, Co, Cr, Mn and Cu are used as candidate 
components because of their cheap, variable valence than noble 
metal elements for improve the photocatalysis activity.[24-28] 
Each 10×10 diverse binary MMMOs library is generated rapidly 
by IJP, and then divided into 4 subspaces. The photocatalytic 
hydrogen production reactions of the catalyst subspaces by liquid-
phase reforming of formaldehyde-water solution are carried out 
under 300W high-pressure Hg lamp irradiation at 25oC. The 
average value of the hydrogen generation amounts (Avg. HA) of 
different subspaces is analyzed by gas-chromatograph (GC). Fig. 
2a shows the amounts of hydrogen production obtained from the 
fourth hours after irradiation for 24 catalyst subspaces with 6 
different binary components and 6×10×10 different compositions. 
The H2 production efficiency of Cu-mTiO2 is about 10-fold as 
high as that of other catalyst libraries. The maximum H2 evolution 
of 1247μmol/h·g-1 is observed for the Cu-mTiO2 with Cu/Ti ratio 
in the range of 0~0.2 (defined as subspace A). According to 
wavelet analysis strategy, this optimal subspace of Cu-mTiO2 
catalyst libraries will be reserved for next iteration. After 
calculating the difference between the maximum H2 evolution and 
other results, we find that the difference value is exceed a given 
threshold value 500μmol/h·g-1. Thus, the corresponding other 23 
catalyst subspaces will be neglected.  

In the second iteration, the Cu-mTiO2 subspace A also 
follows the same screening strategy. A 10×10 diverse Cu-mTiO2 
library with Cu/Ti ratio in the range of 0~0.2 is printed to 
synthesis, and then also divided into 4 subspaces (Aa, Ab, Ac, and 
Ad) and employed for hydrogen production, individually. Obvious 
different of subspace Aa is observed as compared with that of 
other subspaces (Fig.2b). The best hydrogen production is 
obtained with Cu-mTiO2 based on Cu/Ti ratio in the range of 
0~0.05, 1437μmol/h·g-1. After wavelet analysis strategy, the 
optimal subspace Aa will be reserved for next iteration. New 
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subspaces (Aaa, Aab, Aac, and Aad) are evaluated individually 
with the same scheme under identical conditions for hydrogen 
production. Fig.2c shows that the subspace Aad with Cu/Ti ratio in 
the range of 0.0375~0.05 displays the highest amount of hydrogen 
generation, 1692μmol/h·g-1. We also calculate the difference 
between the maximum H2 evolution subspace Aad and other 
subspaces. Although the difference is still more than 500μmol/h·g-
1, the size of the subspace is small enough. According to the 
strategy, we end the iteration search. In this model reaction, the 
optimal catalyst is 4.4% Cu-mTiO2 calculated by the average of 
the two endpoints (0.0375, 0.05) of the desired subspace Aad. 
After three iterations, we reduce the number of catalyst evaluations 
for 1000-library to a total of 36 reactions and improve the 
subspace precision to one thousandth level. 

Catalytic Activity of catalysts 
Fig.2d shows the photocatalytic hydrogen generation 

efficiency for mTiO2, 1wt% Ag-mTiO2 and optimal catalyst 4.4% 
Cu-mTiO2 screened by wavelet analysis strategy as a function of 
irradiation time at room temperature. Pure mTiO2 shows less 
activity for hydrogen production by liquid-phase reforming of 
formaldehyde-water solution. However, compared with mTiO2, 
the 4.4% Cu-mTiO2 shows 20 times higher activity for hydrogen 
evolution. After 4h irradiation, the amount of hydrogen generation 
is nearly 10,900umol/g, which is comparable to that of noble metal 
modified mTiO2 (Ag@mTiO2, 1.0wt%, 9,343umol/g). This 
observation implies that parallel synthesize and wavelet analysis 
strategy can lead to identification of the optimal catalysts. 

 
Figure 3. Identify the most active catalyst combinations for hydrogen 
production. a, Assay results of total number of chemical species within first 
iteration. Cu was the only candidate element for modified mTiO2 selected. b, 
Assay results of second iteration, optimal subgroup with Cu/Ti ratio=0~0.05 is 
reserved. c, The optimal catalyst is discovered in this iteration process (Cu/Ti 
ratio=0.0375~0.05). d, Photocatalytic hydrogen production by liquid-phase 
reforming of formaldehyde-water solution versus irradiation time over mTiO2, 
1wt% Ag-mTiO2 and optimal catalyst 4.4% Cu-TiO2. 

Conclusion 
In this work, we use ink-jet printer as a tool to synthesize 

large-scale multi-component mesoporous metal oxides with varied 
composition, stoichiometries and self-assembled nanostructures 
under control. Wavelet analysis is introduced here for the first time 
to accelerate the evaluation speed of large-scale catalyst library by 

reducing the number of reactions and analysis, and improving the 
precision unlimitedly. This strategy has proven effective in 
optimizing the components and compositions for photocatalytic 
hydrogen production by liquid-phase reforming of formaldehyde-
water solution. We find that the mTiO2 with doped Cu element can 
lead to improve catalytic activity, which similar to that of the 
noble metal. This suggests that the strategy is an efficient and 
systematic way to search large unexplored space of novel multi-
component compounds for catalysis and other wide applications. 
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