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adapted to materials science since 1990s.[3] 
In a typical procedure, a materials library 
containing a 2-D array of specimens 
with different compositions is prepared 
on a single substrate, and the response 
of each specimen is measured when an 
optical or electrical probe scans through 
the library. The combinatorial approach 
has been widely applied to catalyst devel-
opment, especially for photocatalysts 
and electrocatalysts.[2b–f,4] The materials 
library is typically prepared by vacuum 
coating,[2g,3a,4c] inkjet printing,[2b,c,e,4b] dif-
fusion couple,[2a] and electrodeposition.
[2d,4a,5] In these prior works, however, the 
synthesis and the evaluation steps were 
usually separate by one or more steps 
requiring manual operation. For example, 
the materials library needs to be trans-
ferred to a furnace for calcination, and 

then transferred to the high-throughput screening station. Also, 
both synthesis and evaluation are done in a batch manner that 
the feedback from the evaluation can only be used for the next 
batch. The strength of a human researcher is that he or she can 
modify the next specimen accordingly based on the evaluation 
result of the previous specimen. It is reasonable to integrate 
the synthesis and evaluation into a fully automated workflow to 
enable timely feedback during a series of experiments. In a new 
era of materials development, data becomes the only important 
object and the essential task of a researcher is to handle data 
of various types such as experimental parameters and results. 
The key to achieving this goal is to develop new tools to do all 
the dirty works using evolving computerized technologies and 
robots. At a high level of automation, advanced algorithms and 
artificial intelligence can even interpret natural languages to 
execute actual experiments, optimize parameters, and take over 
some planning of the experiments.[6] An additional benefit of 
using a machine to run the experiment is that all operations 
can be easily documented and traced, and in many cases, a 
machine performs better than a human in terms of precision 
and reproducibility.

The aim of our work is to develop a programmable platform 
to automate a typical process of electrocatalyst development. 
The platform is designed to carry out the synthesis and the 
subsequent evaluation of the electrochemical performance of 
the catalyst without human intervention. The major task of the 
user is to design the experiments, and then the platform will 
execute the experiments and generate data unattended 24 × 7. The 
user only has to focus on data analysis and experiment design, 
without having to perform any routine and repetitive lab work. 

A programmable and fully automated platform is created to take over tedious 
manual operations in a typical catalyst development process. Synthesis 
and evaluation of the catalyst are coupled as an operation unit to enable 
continuous and unattended execution of combinatorial experiments. 
This platform is demonstrated in the identification of high-performance 
bifunctional catalysts for water splitting from a trimetallic NiFeCo hydroxide 
system. The platform collects data for evaluating the performance of 
66 different catalysts in oxygen evolution and hydrogen evolution reactions 
within a timeframe of four days. Timely feedback from the close-coupled 
evaluation enables a guided focused-area scanning of the parameter matrix, 
achieving both full coverage and a fine-tuned hit with a relatively smaller 
number of experiments. The optimal compositions of the catalysts identified 
by the platform are well consistent with previous reports. Therefore, the 
platform is capable of generating useful data for catalyst screening, allowing 
a researcher to focus more on creative tasks.
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Catalysis is a surface phenomenon, and the catalytic perfor-
mance of a material is closely related to the crystal structure 
and the electronic configurations of the surface. It is a common 
strategy to combine multiple elements to tailor the surface 
structure and electronic configuration to achieve high catalytic 
performance. The traditional process to develop a heteroge-
neous catalyst is lengthy and it can be labor-intensive to iden-
tify the optimal composition in a multiple-element system 
using a trial-and-error approach. In recent years, materials 
design based on computational simulation has become a pow-
erful tool in predicting high-performance catalysts and help to 
reduce the number of experiments.[1] On the other hand, lab 
automation and high throughput experiment protocols further 
eliminate unnecessary laborious work and accelerate materials 
discovery.[2] Since its birth in the 1960s, combinatorial chemistry 
has become a mature research tool and the concept has been 
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Unlike other platforms, the user of this platform is not expected 
to know a programming language, and can easily program the 
platform using interactive interfaces. We anticipate that this 
platform can be further used to facilitate catalyst development 
process in general.

As shown in Figure 1A, a conceptional structure of the plat-
form is to implement a data-in/data-out “black box”. The input 
is a json-format experimental program containing a sequence 
of steps and an associated parameter matrix, and the output 
contains raw and processed data for visual examination of the 
catalytic performance. At the center of this black box, there is 
a computer running our “HTPSolutions” program that parses 
the user-input experimental program to the actual execution of 
the steps including: actuating the diluters to prepare solutions 
in a mixing container; transferring liquid from the mixing con-
tainer to the reactor; triggering a potentiostat to run common 
electrochemical procedures; flushing the flow paths and con-
tainers after each individual experiment. In our setting, a mate-
rials library is not synthesized batch-wise and then evaluated 
batch-wise. Instead, an electrochemical evaluation of the perfor-
mance can immediately follow the synthesis of a composition 
by electrodeposition. Synthesis and evaluation are coupled as an 
operation unit that walks through the virtual materials library. 
Potentially, an optimal parameter set can be located by taking 
a shortcut guided by an advanced algorithm, without having to 
iterate the whole library (Figure S1, Supporting Information).

For demonstration, a trimetallic system, NiFeCo hydroxide, 
was selected as the model catalyst and its performance in 
water electrolysis was evaluated. NiFe binary hydroxide is a 
proven catalyst for oxygen evolution reaction (OER) in basic 
media and has been studied for decades.[7] Recently, NiFeCo 

hydroxides were also explored as a bifunctional catalyst in 
water splitting since they can also catalyze the hydrogen evo-
lution reaction (HER).[8] We can easily compare our results to 
widely available existing data to validate our platform. It has 
been verified that NiFeCo hydroxides as prepared by electro-
deposition are partially crystalline and catalytically active in 
OER without heat treatment. In this work, NiFeCo hydroxides 
were prepared using an electrodeposition approach, and their 
performance in OER and HER was quantified by deriving the 
overpotentials and Tafel slopes from the linear sweep voltam-
metry (LSV) data.

A schematic diagram of the platform for the synthesis and 
evaluation of NiFeCo hydroxide catalysts is shown in Figure 1B, 
and the hardware implementation is shown in Figure 1C. The 
platform was built from commonly available structural parts, 
liquid handling equipment, and electronic components. The 
platform has a small footprint of only 60 cm × 60 cm and the 
total cost was approximately $10  220 including the computer 
and the potentiostat (Table S1, Supporting Information). The 
platform contains three major modules: solution preparation, 
transfer and flush, and electrochemistry. Currently, the solu-
tion preparation module contains eight diluter channels which 
withdraw concentrates of chemicals and de-ionized water from 
the reservoirs and dispense them into the mixing container to 
prepare a solution of a specified concentration. Custom-built 
syringe pumps were used to drive the diluters because they can 
deliver liquids with high precision. Here, concentrated solu-
tions include 0.5 m Ni(NO3)2, 0.5 m Fe(NO3)3, 0.5 m Co(NO3)2, 
10 m KOH, and 5 m HNO3. Preparation and replenishment of 
the concentrates are the only few infrequent operations that 
still need to be done manually. Mixing and reaction take place 

Figure 1.  A) Conceptional data-in/data-out structure of the automated platform; B) Main window of “HTPSolutions” program showing a diagram of 
the components in the platform for NiFeCo hydroxide based catalyst for water electrolysis; C) Actual hardware implementation of the platform.
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separately in two 100  mL polyethylene containers, and liquid 
can be transferred from the mixing container to the reactor. 
Both the mixing and the reactor containers can be emptied and 
flushed clean after each individual experiment. Liquid transfer 
and flushing are controlled by coordinating the running of 
three peristaltic pumps, which can deliver a high flow rate. The 
electrochemistry module contains the reactor and a potentio-
stat. The reactor was equipped with a piece of 1 × 1 cm2 carbon 
fiber paper (CFP) as the working electrode, Ag/AgCl (saturated 
KCl, 0.197 V versus reversible hydrogen electrode) as the refer-
ence electrode, and a graphite rod as the counter electrode.

To program a single experiment, a sequence of steps was 
entered by the user using an interactive step editor in the 
“HTPSolutions” program (Figure S2A, Supporting Infor-
mation). Each step can be one of the five types of operations 
including: blank; solution preparation; transfer; flush; and elec-
trochemistry. The steps designed for this work are shown as 
pseudocodes in Figure 2B. A program for combinatorial experi-
ments can be run by associating a parameter matrix with the 
steps. To populate the parameter matrix with values, the user 
designates the starting value, the end value, and the increment 
for each parameter using an interactive interface (Figure S2B, 
Supporting Information). Numerical parameters including ion 
concentrations, electrical parameters, and time can be system-
atically varied and evaluated in combinatorial experiments. For 
an initial scan of the composition matrix, the concentrations of 
Ni, Fe, and Co were all varied from 0 to 0.1 m at an increment of 
0.01 m, with the concentrations of all metal ions summing up 
to be 0.1 m. There were a total of 66 sets of parameters which 
include evenly spaced concentrations for each metal. The com-
binatorial experiments containing these 66 different parameter 
sets were run and completed in 90 h and 34 min. Every single 
experiment took an average of 82 min to complete, and the 
small variation in the duration came from the solution prepa-
ration step. The platform performing different steps in action 

can be viewed in the supplementary videos. Every single experi-
ment produced five data files including one i-t (current-time) 
curve, two cyclic voltammetry (CV) curves, and two LSV curves.

During the potentiostatic experiment in step #4 in Figure 2B, 
the applied potential drove HER at the working electrode and 
NiFeCo hydroxides were deposited onto the CFP substrate 
where OH− was generated from HER. If assuming all trans-
ferred electrons went to OH− and all OH− formed hydroxides 
matching the stoichiometry of the source solution, the average 
mass loading of the deposited catalyst would be 0.77 mg by inte-
grating the i-t curves in Figure S3A, Supporting Information. 
However, the assumptions we made for the calculation can be 
erroneous because there could be other side reactions besides 
HER during our potentiostatic deposition. Not all OH− reacted 
with metal to form precipitates attaching to the working elec-
trode. Also, Fe3+ might be reduced to Fe2+ and consume elec-
trons in this process since Fe2+ species were identified in the 
deposit as revealed by X-ray photoelectron spectroscopy (XPS, 
Figure S4, Supporting Information). Therefore, the calculated 
mass loading was only good for a very rough estimate. At the 
end of each experiment, the deposited catalyst was removed by 
electrochemical dissolution in step #15. Since catalysis is a sur-
face-sensitive process, the substrate surface needs to as clean as 
possible to start. After running the dissolution process on a rep-
resentative deposited catalyst Ni0.4Fe0.3Co0.3(OH)x for different 
lengths of durations, it was found that after 10-min dissolution 
there was no Ni2+ oxidation peak or higher activity than the 
blank in the following LSV test on the substrate as shown in 
Figure S5, Supporting Information. We assumed that the effect 
from the previous sample was negligible on the next sample.

The CV curves prior to the OER and HER LSVs are shown 
in Figures S6 and S7, Supporting Information. Common in 
all curves is that the first cycle is very different from the rest, 
and after the first cycle the curves gradually overlap. The result 
justified the necessity of CV scans for stabilizing the surface 

Figure 2.  A) Step editor generates B) a sequence of steps, and a parameter generator populates the parameter matrix associated with the steps in (B) 
by a user-input range of values and increments. C) Action loop performed by the platform to execute the experiments and iterate the parameter matrix.
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structure before the actual performance test. The reversible 
redox peaks for Ni2+ ⇔ Ni3+ (Ni(OH)2 ⇔ NiOOH) are visible 
in the OER CV scans. For pure Ni(OH)2, the oxidation peak is 
at around 1.37 V. The effect of Fe and Co on the position of the 
Ni redox peak can be easily identified from the CV curve of the 
5th cycle as shown in Figure S8, Supporting Information. For 
the NiFe binary hydroxide, the redox peaks gradually shifted 
towards the positive direction as the Fe content increased. For 
the NiCo binary hydroxide, the redox peaks gradually shifted 
towards the negative potential as the Co content increased. 
Consistent shifts of the redox peaks in CVs for Ni2+ were also 
observed in previous works and they can be attributed to the 
distinct electron push and pull effects of Co and Fe imposing on 
Ni which.[7,8b] Fe3+ tends to pull electrons away from Ni2+, and 
the catalyst as a whole binds the active electrons more tightly 
therefore it is more difficult to extract electrons from the sur-
face using an external bias, leading to a higher oxidation poten-
tial. The effect of Co2+ is just the opposite. The electronic push 
and pull effects of Co and Fe on Ni were elucidated in detail in 
our previous work, by performing XPS analysis on the Ni 2p 
and O 1s spectra and theoretical calculation of the binding ener-
gies of adsorbed species.[8b] The consistent shifts of the redox 
peak position as the Fe/Co concentration changed verified that 
the platform was able to produce reasonable data unattended, 
and that it is possible to tune the electrochemical behavior by 
varying the composition of the trimetallic hydroxide.

The OER and HER performance of each catalyst were evalu-
ated by identifying the overpotential at a current density of 
10  mA cm−2 (η10) and the Tafel slope from the corresponding 
LSV data in Figure S9, Supporting Information. The depend-
ences of the figures of merit on the composition are summa-
rized in Figure 3 and Tables S3–S6, Supporting Information. 
From the OER LSV curves, we can also identify the oxidation 
of Ni2+ to Ni3+. However, the intensity of the peak is much 
weaker in LSV than in CV because in LSV the scan rate was 
reduced by an order of magnitude. From the ternary plot of η10 
in Figure 3A, catalyst Ni0.7Fe0.3(OH)x achieved the lowest η10 of 
only 240 mV. A general trend can be observed that η10 was lower 
when the composition is closer to the Ni-Fe edge excluding 

vertexes representing pure Ni and Fe. The initial combinatorial 
experiment used a step size of 0.1 in the normalized concentra-
tion of the metal ions. Fine tuning of the composition can be 
done at a smaller step size. With the feedback from the initial 
scan, a triangular region enclosing the Ni0.7Fe0.3(OH)x composi-
tion with the normalized concentration of Ni in the range from 
0.55 to 0.85, Fe in the range from 0.15 to 0.45, and Co in the 
range from 0 to 0.3 was scanned at a smaller step size of 0.03. 
The results of these 66 experiments are plotted in Figure  3B. 
For an easy comparison, the ternary plots for the initial scan 
and the focused-area scan are prepared using the same color 
scale (Figure S11, Supporting Information). There are some 
duplicated compositions in the two scans and the variation 
of η10 is within 5%. The combination of an initial scan and a 
focused-area scan can cover the full parametric space and still 
can locate a composition with high precision without testing as 
many samples. For example, if the composition library is to be 
scanned evenly using a step size of 0.03, there will be a total 
of 561 experiments to run. By combining an initial scan and 
a fine scan, we can achieve the same level of precision by run-
ning only 66 + 66 = 132 experiments, which accounted for only 
one fourth of the number of experiments in a uniform scan. 
This strategy demonstrated the agility of the in situ planning 
guided by timely feedback in comparison to the traditional 
high-throughput approach.

In the fine scan, the composition with the lowest η10 of 
233  mV turned out to be Ni0.67Fe0.33(OH)x, which is very close 
to composition Ni0.7Fe0.3(OH)x and this composition is also on 
the Ni-Fe edge. As another figure of merit, the Tafel slope did 
not show a clear trend in the initial scan. Since during LSV, 
the surface reaction is not at steady-state, it has been sug-
gested that getting Tafel slope from a chronopotentiometry or a 
chronoamperometry method is more reliable.[4b,c] To verify that 
whether the Tafel slope overturned the trend in the overpoten-
tial at a higher current density, the overpotentials at 50 mA cm−2 
(η50) were examined from all LSV curves from the initial scan 
and the values were plotted in another ternary graph shown in 
Figure S11, Supporting Information. Still, Ni0.7Fe0.3(OH)x cata-
lyst showed the lowest overpotential of 268  mV at this current 

Figure 3.  Ternary plots of figures of merit obtained from the LSV curves: A) OER overpotential at 10 mA cm−2 (full-range scan of the compositional 
matrix); B) OER overpotential at 10 mA cm−2 (focused scan of the high-performance area); C) OER Tafel slope (full-range scan); D) HER overpotential 
at 10 mA cm−2 (full-range scan); E) HER overpotential at 10 mA cm−2 (focused area scan); F) HER Tafel slope (full-range scan). Note: Ternary plots are 
based on the composition of the solution used for electrodeposition, not the actual composition of the catalyst.
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density. Similar treatment was applied to the fine-scan region 
while another benchmark current density at 100  mA cm−2 was 
considered. The lowest overpotential at 100 mA cm−2 (η100) was 
293 mV, also from catalyst Ni0.67Fe0.33(OH)x. Analyses of the OER 
data lead to a consistent conclusion that Ni0.67Fe0.33(OH)x is the 
best OER catalyst for the compositions evaluated. The depend-
ence of the OER performance on the composition of the NiFeCo 
hydroxides agrees well with previous studies, and the η10 of the 
optimal catalyst is comparable to the state-of-the-art multielement 
OER catalysts, for example, 310 mV for Ni0.2Co0.3Ce0.5Ox, 272 mV 
for (Co0.21Ni0.25Cu0.54)3Se2, 230 mV for (Ni0.25Fe0.68Co0.07)3Se4, and 
239 mV for Ni0.8Co0.1Fe0.1OxHy.[2b,c,4a,5,8b,9]

Similar analyses were applied to the HER LSV data. In the 
initial scan, Fe0.3Co0.7(OH)x was identified to show the lowest 
η10 of 245  mV while Fe0.4Co0.6(OH)x showed the lowest η50 
of 289  mV. A fine scan was performed in a region enclosing 
these compositions with the normalized concentration of Ni  
from 0 to 0.2, Fe from 0.2 to 0.5, Co from 0.3 to 0.8, with a step 
size of 0.05. The shape of the scanned area is a parallelogram 
and there are 35 compositions in this region. Interestingly, the 
fine scan identified Ni0.05Fe0.35Co0.6(OH)x as the best catalyst 
with a low η10 of 242 mV, suggesting that a small amount of Ni 
may promote the activity although a high content of Ni gener-
ally causes an adverse effect. For an easy comparison, the ter-
nary plots for the initial scan and the focused-area scan are pre-
pared using the same color scale (Figure S12, Supporting Infor-
mation). There are some duplicated compositions in the two 
scans and the variation of η10 is within 10%. The trend shown in 
the ternary plot for the Tafel slope is different from the overpo-
tential plot. The ternary plots of the Tafel slope suggest that Co 
facilitates a fast electron transfer while Ni hinders it. Note that 
the comparison of the overpotential at a specific geometrical 
current density reflects the macroscale behavior and not neces-
sarily represents the intrinsic activity, but this figure of merit is 
more relevant in real-life applications. In practical applications, 
a low overpotential at a high current density is essential for the 
economy. We further compared the overpotentials of the HER 
catalysts in the fine scan at a current density of 100  mA cm−2 
(Figure S13, Supporting Information). For HER, the lowest η100 
of 326 mV was found in catalyst Ni0.2Fe0.35Co0.45(OH)x. For com-
parison, the aforementioned Ni0.05Fe0.35Co0.6(OH)x exhibited a 
similar η100 of 329 mV at this current density. The difference is 
quite small, and Ni0.05Fe0.35Co0.6(OH)x performed better in the 
whole current density range overall. However, the unexpectedly 
high performance of Ni0.2Fe0.35Co0.45(OH)x at a high current 
density requires more investigations in the future.

Chemical and structural analyses were carried out ex 
situ on two catalysts showing promising results, which are 
Ni0.67Fe0.33(OH)x for OER and Ni0.05Fe0.35Co0.6(OH)x for 
HER, respectively. Inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) measured the actual composi-
tions of Ni0.67Fe0.33(OH)x and Ni0.05Fe0.35Co0.6(OH)x to be 
Ni0.42Fe0.58(OH)x and Ni0.03Fe0.55Co0.42(OH)x, respectively. Appar-
ently, during the co-deposition process, Fe is preferentially depos-
ited and the mole fraction of Fe is higher in the deposits than in 
the solution. To verify the trend, two additional samples were 
measured. The actual composition of Ni0.33Fe0.33Co0.33(OH)x 
was measured to be Ni0.22Fe0.50Co0.28(OH)x, and the com-
position of Ni0.10Fe0.80Co0.10(OH)x was measured to be  

Ni0.06Fe0.88Co0.06(OH)x. Although the composition of a deposit 
deviated from that of the solution, the trend was consistent 
and it enables the control of the composition of the deposit. 
Obtained from the ICP-AES data, the mass loadings of 
Ni0.67Fe0.33(OH)x, Ni0.05Fe0.35Co0.6(OH)x, Ni0.33Fe0.33Co0.33(OH)x, 
and Ni0.10Fe0.80Co0.10(OH)x were 0.61, 0.51, 0.69, and 0.32  mg, 
respectively. The measured mass loading was lower than the 
value calculated from the i-t curve. The discrepancy might 
be caused by the side reactions during the deposition pro-
cess and hydroxide precipitates not attaching to the sub-
strate. The surface morphologies of the Ni0.67Fe0.33(OH)x and 
Ni0.05Fe0.35Co0.6(OH)x catalysts were observed by scanning elec-
tron microscopy (SEM) and the images are shown in Figure 4. 
The structure of Ni0.67Fe0.33(OH)x appears to be cellular with 
thin walls, quite similar to the structures previously reported 
for the electrodeposited NiFe catalysts.[5,8b,10] The deposited 
Ni0.05Fe0.35Co0.6(OH)x catalyst was composed of nodules with 
a diameter of about 200  nm, resembling typical electrodepos-
ited porous structures.[8b] The phase of the selected catalysts 
was identified using X-ray diffraction (XRD). As shown in 
Figure S14, Supporting Information, both diffraction patterns of 
Ni0.67Fe0.33(OH)x and Ni0.05Fe0.35Co0.6(OH)x were found to match 
well with α-Ni(OH)2, suggesting that these catalysts have a lay-
ered double hydroxide (LDH) structure.

In this work, the deposited catalyst was electrochemically 
dissolved after each experiment and the CFP substrate was 
reused. It was a concern that there could be a trace amount 
of residue that would affect the result of the following experi-
ments. To address this concern, the same set of experiments 
was run by iterating the parameter matrix in a reversed order, 
and the results are shown in the ternary plots (Figure S15, Sup-
porting Information). It can be observed that regardless of the 
scanning path, the dependences of the overpotential and Tafel 
slope on the composition are unaltered. Therefore, even if there 
was residue after the electrochemical dissolution, either the 
amount of the residue was negligible or the residue was com-
pletely covered by the following deposits, and thus the residue 
did not affect the result noticeably.

In summary, a programmable and automated platform for the 
synthesis and evaluation of electrocatalyst was built and dem-
onstrated. The platform carried out routine experimental opera-
tions for catalyst development unattended and continuously. 
Using NiFeCo hydroxide as a model, the platform demonstrated 
that the data can be generated quickly and the optimal catalysts 
can be easily identified from a parameter matrix of compositions. 
The data from the automated platform agreed very well with pre-
vious reports. Instead of synthesizing and evaluating a complete 
materials library batch-wise, our automated platform simulated 
a human researcher and produced timely feedback from each 
experiment during the search of optimal parameters. The close 
coupling of the synthesis-evaluation cycle can reduce the number 
of experiments. More importantly, the enclosed and completely 
automated experimental cycle enables a data-driven machine for 
materials development where the inputs and outputs can be digi-
tally transferred, processed, and shared.

Certainly, here we are only showing a prototype of the plat-
form which is being constantly improved and upgraded. Sev-
eral features will be integrated into future versions. First, 
a  fresh substrate will be used for each experiment to avoid 
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contamination between samples and a three-axis positioning 
stage will be integrated to handle the substrates in an array. 
Second, parallel processing will be introduced to overlap experi-
ments at different steps to further improve the efficiency and 
fully utilize the hardware resource. Third, advanced algorithms 
will be developed to automatically determine the path through 
the parameter matrix in situ using fresh results, to obtain the 
optimal parameters quicker and reduce the number of experi-
ments. Forth, the platform will be integrated with a gas con-
trol module and used for the development of catalysts for other 
important electrochemical reactions such as oxygen reduction, 
carbon dioxide reduction, and nitrogen reduction.

Experimental Section
Configuration of the Platform: The structural frame of the platform 

was built up using 2020 European Standard profile aluminum rails. 
The syringe pumps of the diluter channels were custom-made with 
microcontrollers that communicate with the computer via USB ports. 
The peristaltic pumps in the transfer and flush module were purchased 
from Baoding Signal Fluid Technology Co., Ltd. (Baoding, China) and 
multiple pumps were controlled via a single RS-485 bus. The RS-485 
bus was connected to the computer via an LX08H USB-485 adapter 
(Road Number IoT Technology Co, Ltd., Foshan, China). The potentiostat 
of the electrochemistry module was a CHI660E unit purchased from CHI 
Instruments, Inc. (Shanghai, China).

An “HTPSolutions” program was developed using Visual C# to 
control the platform. The program provided interactive interfaces for 
entering an experimental program containing a list of steps and an 
associated parameter matrix. The syringe pumps and peristaltic pumps 
were controlled by the program using proprietary protocols defined by 
the device manufacturers. The program interoperated with the CHI660E 
potentiostat to run experiments and transfer data via a dynamic link 
library (“LibEC.dll”) provided by the manufacturer.

Basic Experimental Program: The major steps in the basic experimental 
program shown in Figure 2B can be interpreted as follows: 1) A solution 

containing 0.1 m Ni was prepared; 2) A potentiostatic experiment was 
conducted at −1  V for 60 s to electrodeposit a metal hydroxide onto 
the CFP substrate; 3) A solution of 1 m KOH was prepared; 4) Five cycles 
of CV scans in the range from 0 to 0.7 at a scan rate of 0.01 V s−1 were 
run to stabilize the structure of the deposited catalyst; 5) An LSV scan 
from 0 to 0.7 V at a scan rate of 0.001 V s−1 was run to evaluate the OER 
performance; 6) Five cycles of CV scans in the range from -0.8 to -1.5 V 
at a scan rate of 0.01 V s−1 were run to stabilize the catalyst; 7) An LSV 
scan from −0.8 to −1.5 V at a scan rate of 0.001 V s−1 was run to evaluate 
the HER performance; 8) A solution of 0.4 m HNO3 was prepared; 9) A 
potentiostatic experiment was conducted at 0 V for 600 s to accelerate 
the dissolution of the hydroxide on the substrate, and the substrate 
became ready for the next experiment.

Processing of Electrochemical Data: Depending on the types of 
electrochemical tests, values such as voltage, current, and time were 
recorded by the “HTPSolutions”. These data were further processed 
by a Python script to obtain figures of merit, including overpotentials 
and Tafel slope, and generate graphs for visual evaluation by interacting 
with the Origin graphing software. The measured potentials in CV and 
LSV tests were compensated by the iR drop across the electrolyte. The 
overpotentials were calculated using the following equations:

0.197V 0.0591pH 1.229VOER Ag/AgClEη = + + − 	 (1)

0.197V 0.0591pHHER Ag/AgClEη = + + 	 (2)

Materials Characterizations: Metal contents of the deposited catalysts 
were analyzed using ICP-AES performed on a JY2000-2 (HORIBA 
Jobin Yvon, Japan) unit. SEM images were taken using a ZEISS Supra 
55 microscope. XRD data were recorded using a Bruker D8 Advance 
diffractometer with Cu Kα radiation of λ  = 1.541 Å. XPS spectra were 
collected using an ESCALAB 250XL spectrometer.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Figure 4.  A,B): SEM image of Ni0.67Fe0.33(OH)x; C,D): SEM image of Ni0.05Fe0.35Co0.6(OH)x.
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