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H2 Production fromAmmoniaBorane: Integrating
Experiments, Computational FluidDynamics, andStatistical
Analysis forPredictingandOptimizingProcess andReactor
Design
Panayiota Adamou,[a] Eleana Harkou,[a] Silvio Bellomi,[b] Ilaria Barlocco,[b] Dimitris Mintis,[c, d]

Antreas Afantitis,[c, d] Juan J. Delgado,[e] Xiaowei Chen,[e] George Manos,[f]

Nikolaos Dimitratos,[g, h] Alberto Villa,*[b] and Achilleas Constantinou*[a]

In this study, an iridium catalyst (Ir/Ni10Ce) was used for the
catalytic hydrolysis of ammonia borane (AB). The parameters
tested were temperature, stirring rate, AB concentration, and
AB-to-catalyst molar ratio. By integrating a simple Langmuir–
Hinshelwood kinetic in a computational fluid dynamics (CFD)
simulation, the experimental results were validated with a maxi-
mum error of 13% observed at only two experimental conditions,
while on the rest it was lower than 10%, showcasing the robust-
ness of the model. In all experimental cases, AB resulted in
over 85% H2 yield. Statistical analysis was also implemented to
uncover the effect of the four main factors: temperature, stirring
rate, AB concentration, and substrate (AB) to catalyst ratio, on
the three response variables: reaction time, TOF, and H2 yield.

Radar plots are also presented, illustrating how two-factor inter-
action influences the response variables. By combining temper-
ature with either concentration or catalyst amount, a profound
effect on the reaction time was observed. The combination of
experimental work along with computational work of CFD and
statistical analysis can significantly enhance a reaction process
by targeting the most impactful factors, allowing experiments
with optimized reaction conditions for better results in terms of
H2 yield and catalytic performance. Considering also the inter-
action of the variables enables further process optimization by
focusing on specific parameter combinations without wasting
resources.

1. Introduction

The storage of hydrogen (H2) is an extremely important bar-
rier to overcome for the implementation of a hydrogen-based
economy. Its storage in liquid form requires low temperatures,
which is not economically viable.[1] Hydrogen storage materials
are a great way to store H2 in a chemical form, where under
certain conditions, evolution of H2 is obtained and the spent
storage materials can be recycled and rehydrogenated.[2] Exam-

ples of such materials include metal hydrides, chemical hydrides,
complex hydrides, liquid organic hydrogen carriers, and so on.

Ammonia borane (NH3BH3, AB) is an example of a chemical
hydride with a high content of hydrogen (19.6 wt%),[3] which can
be released through the process of thermolysis or the process of
solvolysis (hydrolysis or methanolysis). The process of thermol-
ysis requires higher reaction temperatures, while solvolysis can
be achieved at ambient temperatures, offering a more promis-
ing method to generate H2.[4] The most effective method to
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release H2 seems to be hydrolysis, where, in the presence of a
catalyst, AB can undergo hydrolytic dehydrogenation rapidly. Its
hydrolytic reaction is presented in Equation (1), where 3 moles of
H2 are released from 1 mole of AB.[5]

NH3BH3 (aq.) + 2H2O (l) → NH+
4 (aq.) + BO−

2 (aq.) + 3H2
(
g
)

(1)

Many studies have investigated the mechanism by which AB
is hydrolyzed. The following three steps are believed to be the
potential mechanism: (i) formation of activated complex species
between the surface of the metal particle and AB molecules,
(ii) a H2O molecule attacks (SN2 mechanism) causing the dis-
sociation of the B─N bond and (iii) the BH3 intermediate that
resulted from the B─N bond breakage is hydrolyzed, forming
H2 and a BO2

- ion.[6–8] However, the exact mechanism remains
unknown/unclear because it depends on the metal sites of the
catalyst.

A thorough understanding of the hydrolysis mechanism, and
particularly the rate-determining step, is crucial for the design
and development of an effective catalyst. Numerous catalysts
have been investigated up to this point for the hydrolysis of
AB, including noble metals which result in high catalytic activ-
ity and low activation energy.[9–11] A study by Chandra and
Xu,[12] demonstrated AB hydrolysis using different catalysts and
precursors at ambient temperatures. Transition metals (Pt, Rh,
and Pd) exhibited the best performance, releasing rigorously
H2. Among the three transition metals, Pt catalyst achieved the
highest catalytic activity. Yao et al.,[13] developed PtPd catalysts
for AB hydrolysis. The Pt25Pd75 catalyst exhibited a superior cat-
alytic activity attributed to its structure. Pd supported on g-C3N4

catalysts were synthesized by Shingole et al.[14] The CNPd5 cat-
alyst exhibited the best performance with calculated activation
energy of 27.36 kJ/mol and good reusability after 6 cycles.

However, due to their scarcity and high cost, it is preferred
to include non-noble metals or supports, since the synergistic
interaction of the two metals or the metal-support will enhance
the catalytic activity and lower the development cost of the
catalyst.[15] A study by Li et al.,[16] synthesized RuNi bimetallic
nanocatalysts supported on graphene-like transition metal car-
bide via co-reduction of ruthenium chloride and nickel chloride
using AB as a reducing agent. The RuNi/Ti3C2X2 catalysts were
very active for the AB hydrolysis toward H2 at ambient tem-
peratures. The activation energy was relatively low (25.7 kJ/mol)
compared to other studies, and the TOF number had a value of
824.7 mol H2 (mol Ru.min−1). The effect of other supports, such
as TiO2, Al2O3, and MCM-41, was also evaluated and the results
revealed that the Ti3C2X2 support had the highest initial rate.
This was due to the fact that there was a better dispersion and
smaller particle size of the Ru/Ni particles in the Ti3C2X2 support
than the rest of the supports.

A valuable tool for validation of these experimental studies
and optimization is computational fluid dynamics (CFD). Cou-
pling kinetic data with modeling, provides the opportunity of
validating the experimental results by comparing them with
the predicted ones.[17–23] Besides this, CFD tools are able to
give detailed flow visualization of a system, offering 2D or 3D
representations of the flow behavior, including velocity fields,

vortex formation, and pressure distribution.[24,25] CFD modeling,
for the catalytic hydrolysis of AB has not yet been implemented.

Statistical analysis is the science of collecting, analyzing,
and presenting data to discover trends, relationships, or under-
lying patterns. Design and statistical analysis of experiments
couple two major phases of experimentation since the anal-
ysis of the data reflects the design of the experiment.[26] By
identifying patterns and validating experimental data, statistical
analysis ensures that the results are statistically significant and
not random, strengthening their credibility. Moreover, it allows
the opportunity to group variables and study their relationship.
Since AB hydrolysis is a parameter-dependent reaction, statisti-
cal analysis will bring forefront the most significant parameters
to achieve 100% conversion, high H2 yield, and high catalytic
activity.

In this study, experimental data on the hydrolysis of AB using
an Ir/Ni10Ce catalyst are presented, varying parameters such as
temperature, stirring rate, AB concentration, and AB-to-catalyst
ratio. CFD studies were also performed to validate the exper-
imental results using a Langmuir-Hinshelwood kinetic model.
The usage of a smaller reactor was also tested. Statistical anal-
ysis was carried out in order to find the parameters with the
most significant contribution to the experimental results, and
also two-factor analysis was conducted for the three-response
values of reaction time, TOF and H2 yield to uncover interactions
between parameters.

2. Results and Discussion

2.1. Catalyst Characterization

Figure 1 presents a STEM-HAADF image of the Ir/Ni10Ce cata-
lyst. Even though Ni distributes nearly uniformly with Ce, in
certain areas some Ni agglomeration is observed (Figure 1c). Ce,
Ni, and Ir maps in Figure 1e show that Ir is dispersed across
the entire surface of the NiCeOx support and does not prefer-
entially localize in Ni-rich regions. Figure S1 depicts small and
highly homogenous distributed Ir particles in the range from 0.5
to 3 nm with an average particle size calculated at 1.1 nm based
on measuring more than 150 Ir nanoparticles.

XRD analysis (Figure S2) confirmed that the metal oxide cata-
lyst exhibited peaks at 2θ values of 28.3, 32.8, 47.0, 55.7, and 58.4
°, which are characteristics of the planes (111), (110), (211), (221), and
(220) of the cubic CeO2 structure.[48] In contrast, no clear reflec-
tions of Ni and Ir were detected, probably due to the fact that Ir
and Ni are mostly well dispersed into CeO2 support.

2.2. Catalytic Hydrolysis Tests

The catalytic hydrolysis of AB generates only H2 and ions, how-
ever, under certain conditions ammonia (NH3) is also formed.
Thus, it is important to achieve high H2 yield by choosing an
appropriate catalyst. In our previous study on hydrous hydrazine
decomposition, Ir/Ni10Ce catalyst was utilized which exhibited
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Figure 1. (a) STEM-HAADF image, (b) Ce, (c) Ni, (d) Ir, and (e) Ce, Ni, and Ir maps of Ir/Ni10Ce catalyst.

great results. Therefore, it was chosen for this reaction as well
to investigate its performance. In the case of using solely iridium
catalysts for AB hydrolysis, there are no data in the literature as
we are aware, since only Ir complex catalysts were tested for this
reaction.[27–32] In this study, it would be interesting to gain new
information in terms of H2 yield and catalytic activity, testing the
Ir/Ni10Ce catalyst.

A series of experiments was conducted varying parameters
such as temperature, stirring rate, AB concentration, and cata-
lyst mass that might influence the H2 yield. Moreover, the effect
of the reactor size was investigated. All the experiments were
performed in a batch reactor, and the following graphs visual-
ize the ratio of the produced H2 toward the initial amount of
AB. According to the stoichiometry of the reaction (Equation 1),
a 100% H2 yield corresponds to a ratio value of 3. CFD studies
were conducted afterwards, using the Langmuir–Hinshelwood
kinetics to compare with the experimental data. The CFD model
was able to predict the data accurately with maximum error
of 13%.

2.3. Temperature Effect

The effect of temperature on AB hydrolysis was firstly investi-
gated. The hydrolysis of AB can be achieved at room tempera-
ture, and a typical temperature study range for this reaction is
15–65 °C.[33–36] In general, the rate of the reaction is increased
with the reaction temperature based on the Arrhenius formula
k = Ae

Ea /RT . Figure 2 shows the measured moles of H2 generated
per mole of injected AB at three different temperatures (30 °C,
40 °C, and 50 °C). It is evident that by increasing the temperature,
the reaction rate is indeed increased, and the reaction time is
decreased. It is evident that the CFD model is in good agreement
with the experimental results. The TOF value (Figure 3) was dou-
bled when the temperature was increased from 30 °C to 40 °C
and then was more than doubled from 40 °C to 50 °C. However,

Figure 2. Effect of temperature on AB hydrolysis. Reaction conditions:
0.5 mL of AB in 5 mL water (90.9 mM AB), stirring rate of 1400 rpm, and
3000:1 substrate to metal molar ratio.

H2 yield was not affected and in all cases, there was over 90%
H2 yield. The activation energy was found 65.9 kJ/mol (Figure
S3), lower compared to another study (∼100 kJ/mol)[31] using Ir
complexes as a catalyst. Activation energy, TOF values, as well
as experimental conditions are presented in Table S1 in the sup-
plementary file in comparison with other noble metals that were
used as catalysts for this reaction.

2.4. Effect of Stirring Rate

Tests were carried out at stirring rates of 250, 500, 750, and
1400 rpm, in order to determine the most suitable speed at
which the hydrolysis reaction would not be limited by diffusion.
It is evident from the graph (Figure 4) that above 500 rpm the
curves follow the same path, while at 250 rpm the initial rate is
slower and also results in less H2 yield. Observing also the TOF
values (Figure 5), it is clear that at 250 rpm the TOF is way lower,
while from 500 to 1400 rpm it reaches a plateau. To ensure that

ChemCatChem 2025, 17, e00615 (3 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 3. TOF values (left y-axis) and H2 yield (right y-axis) at temperatures
of 30–50 °C.

Figure 4. Effect of stirring rate on AB hydrolysis. Reaction conditions:
0.5 mL of AB in 5 mL water (90.9 mM AB), 3000:1 substrate to metal molar
ratio, and 40 °C.

Figure 5. TOF values (left y-axis) and H2 yield (right y-axis) at stirring rates
of 250–1400 rpm.

there are no external mass transfer limitations, the stirring rate of
1400 rpm was selected as the optimum value. CFD studies agree
with the experimental results with a maximum error of 13% at
250 rpm.

Figure 6. Effect of AB concentration on the hydrolysis of AB. Reaction
conditions: stirring rate of 1400 rpm, 3000:1 substrate-to-metal molar ratio,
and 40 °C.

Figure 7. Effect of substrate-to-catalyst ratio on AB hydrolysis. Reaction
conditions: 0.5 mL of AB in 5 mL water (90.9 mM AB), stirring rate of
1400 rpm, and 40 °C.

2.5. Effect of AB Concentration

The effect of AB concentration on the generation of H2 was also
examined by performing experiments varying the concentration
of AB and keeping constant all the other parameters. It is evi-
dent from Figure 6, that the reaction rates of 45.5 and 90.9 mM
overlap during the early stages and the TOF values were similar
(Figure S4). On the other hand, for the concentration of 22.7 mM
the reaction seemed to proceed slower but with over 99% H2

yield. The reason behind this is the low concentration of AB com-
pared to the amount of catalyst. Since there was not enough
reactant to take over the catalytic active sites, the reaction rate
was lower. The model data are in good agreement with the
experimental.

2.6. Effect of Substrate to Catalyst Ratio

The influence of the amount of catalyst was also studied. As
expected, increasing the mass of catalyst decreases the reaction
time (Figure 7) since more active sites are available for AB to pro-
duce H2. However, a drop at TOF was observed at the highest
ratio of 1000:1 (Figure 8), indicating that the additional catalyst
amount is not effectively utilized, due to possible transfer limi-
tations or the reaction reached its kinetic limit. Even though the

ChemCatChem 2025, 17, e00615 (4 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 8. TOF values (left y-axis) and H2 yield (right y-axis) at catalyst mass
of 1.92–9.62 mg (5000:1–1000:1 substrate to catalyst ratio).

Figure 9. Effect of reactor size on AB hydrolysis. Reaction conditions:
0.5 mL of AB in 5 mL water (90.9 mM AB), stirring rate of 1400 rpm, 3000:1
substrate to metal molar ratio, and 40 °C.

ratio of 2000:1 gave the best results in terms of H2 yield and TOF,
it was not chosen as the optimum value since the 3000:1 gave
similar results and by choosing the 3000:1 ratio, less amount of
catalyst would be required given the necessity to perform more
catalytic tests. By observing the graph, the model gave good
predictions of the experimental data. However, there is slight
deviation, 9% for the ratios of 3000:1 and 4000:1 and 13% for
the ratio of 5000:1. Even though in reality the number of avail-
able active sites is a limiting factor for the reaction, the model
does not include this, assuming that the amount of catalyst is
sufficient. The influence of the support was also investigated at
40 °C, where the H2 yield was 0% with negligible activity, show-
casing that the support had no ability to catalyze the hydrolytic
reaction.

2.7. Effect of Reactor Size

Two reactors were examined with similar shape of a round bot-
tom with two necks. Their geometry allows uniform heating and
stirring. One reactor was bigger with total capacity of 30 mL,
while the second was smaller with a capacity of 22 mL. Both
reactors achieved the same H2 yield of 90% (Figure 9). When the
reactor of 30 mL was used, the reaction was completed in less
time. A study by Basu et al.,[33] on AB hydrolysis used a 25 mL

batch reactor where a similar trend was observed with a ratio
of 3 and a reaction time of 10 min. Thus, the reactors within
the range of 20–30 mL and similar shape might not significantly
influence the production of H2, achieving a similar trend. Also, in
a previous study from our group,[22] a 35 mL reactor was used
for the decomposition of hydrous hydrazine, where H2 yield was
93%, close to a ratio of 3.

2.8. Statistical Analysis

A statistical analysis is conducted here to underline the signifi-
cance of the various factors, including temperature, stirring rate,
AB concentration, and substrate (AB) to catalyst ratio (Sub/Cat),
on the three response variables: reaction time, TOF, and H2

yield. The objective of this statistical analysis is to rank the sig-
nificance of main effects and two-factor interactions for each
response variable, thereby guiding the design of future experi-
ments aimed at further optimizing H2 yield, achieving relatively
low reaction times, and attaining high TOF by focusing exclu-
sively on the most influential factors and their interactions,
identified in this study. Moreover, statistical analysis ensures that
the results from the experiments are statistically significant and
not due to random variations. The influence of the reactor size
is not considered into the analysis, as it is observed that the
H2 yield remained consistent irrespective of the reactor size. It
is important to note that the broader scope of statistical anal-
ysis extends beyond making conclusions about the importance
of individual factors. It also seeks to explore the interactions and
relationships between the factors and the response variables,
with the aim of developing predictive models using machine
learning techniques. However, within the context of this study,
the experiments were conducted using a one-factor-at-a-time
(OFAT) approach, which enables the evaluation of the signifi-
cant influence of each factor (main effects) only. In future work,
we aim to employ more sophisticated experimental designs
by using design of experiment (DoE) techniques to quantify
not only the main effects but also two-factor, three-factor, and
higher-order interactions for the purpose of developing effective
predictive models using machine learning techniques.

Table 1 presents a summary of the experimental results con-
cerning the response variables associated with the four factors
studied here. The longest reaction time was observed when the
smallest amount of catalyst was used, whereas the shortest reac-
tion time occurred with the largest amount of catalyst, indicating
a strong correlation between reaction time and catalyst amount.
For TOF, the lowest values were recorded at the lowest tem-
perature, while the highest TOF was achieved at the highest
temperature, demonstrating a clear dependence of TOF on tem-
perature. Regarding H2 yield, a strong correlation was observed
with stirring rate, where low stirring rates resulted in low hydro-
gen yields. Additionally, for low AB concentration, the H2 yield,
measured as a percentage rather than absolute mass, was the
highest.

To ensure the robustness and validity of the ANOVA calcula-
tions presented here, key assumptions were checked thoroughly
and verified prior to conducting the analyses. Quantile–Quantile
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Table 1. Summary of the experimental results examining the effects of four factors on three response variables.

Temperature Stirring Concentration (mM) Sub:Cat Reaction Time (min) TOF (min−1) H2 Yield (%)

40 1400 22.7 3000 17.11 231.35 94.36

40 1400 45.5 3000 9.80 370.77 90.42

40 1400 90.9 3000 8.05 402.16 86.51

40 250 90.9 3000 11.21 330.77 80.53

40 500 90.9 3000 10.95 429.52 93.37

40 750 90.9 3000 9.49 419.68 88.11

40 1400 90.9 3000 8.06 400.00 86.95

40 1400 90.9 5000 18.77 323.37 83.61

40 1400 90.9 4000 12.00 373.74 86.29

40 1400 90.9 3000 8.08 397.89 86.46

40 1400 90.9 2000 4.99 475.85 92.64

40 1400 90.9 1000 2.71 391.68 87.64

30 1400 90.9 3000 16.63 201.28 89.49

40 1400 90.9 3000 7.99 404.97 86.54

50 1400 90.9 3000 3.86 1003.08 90.95

(QQ) plots were used to assess whether the residuals followed
a normal distribution. For reaction time and H2 yield, normal-
ity held up well across all factors, and for TOF, temperature
also met the normality assumption. However, slight departures
from normality were noted for TOF under concentration, stir-
ring, and Sub/Cat. Variance homogeneity using box plots was
then examined. Temperature, stirring, and Sub/Cat levels showed
consistent variance, whereas concentration displayed more vari-
ability, especially for H2 yield, indicating a less uniform spread.
QQ plots and box plots are provided in the supplementary file
(Figures S5 and S6, respectively).

To explore whether changes in factor levels resulted in statis-
tically significant differences in the means of the responses and
to quantify how each factor affected these responses, one-way
ANOVA was performed using the Isalos data analytics platform.
The results are shown as a heat map (Figure 10), which displays
the p-values for each factor-response pair, with darker colors
indicating stronger statistical significance. The analysis showed
a very strong influence of temperature on TOF (p = 7.7 × 10−7),
well below p ≤0.05 (the commonly used significance threshold).
Although temperature influences TOF significantly, it has a mini-
mal effect on hydrogen (H2) yield, as shown by the high p-value
of 0.73. This suggests that the hydrolytic reaction of AB appears
to approach thermodynamic equilibrium under the conditions
studied (ranging from 30 °C to 50 °C), thereby explaining why
H2 yield remains relatively unchanged despite the faster reaction
rates. In contrast, the amount of catalyst’s effect on reaction time
approached the threshold of p ≤0.05 (p = 0.096), suggesting a
potential influence. The impact of stirring on H2 yield was near-
significant (p = 0.077), indicating a possible role in determining
H2 yield. Bar charts presenting the F-statistics derived from the
one-way ANOVA are provided in the supplementary file (Figure
S7). A dashed red line indicates the critical F-value corresponding
to the 95% significance level (p ≤0.05). The observations from
the bar charts are consistent with the p-values presented in the
heat map, thereby offering complementary evidence of the rel-

Figure 10. Heat map representation of the p-values computed from the
one-way ANOVA analysis of the four factors (temperature,
substrate-to-catalyst ratio, stirring, and concentration) and three response
variables (TOF, reaction time, and H2 yield).

ative contributions of each factor. Additionally, the bar charts
present the cumulative effect of each factor on the responses
(blue line). The one-way ANOVA has effectively identified tem-
perature as a critical factor influencing TOF and highlighted the
effects of catalyst concentration and stirring rate in optimiz-
ing the AB hydrolytic reaction. By prioritizing these factors in
future experimental designs, multifactorial experimental designs
should be adopted to capture the complex interactions between
these factors to achieve a more efficient and effective hydrogen
production process.

As previously mentioned, the OFAT experimental design does
not provide a high degree of accuracy in quantifying interac-
tions between factors. Despite this limitation, to gain preliminary
insights, two-factor interactions were evaluated using factorial

ChemCatChem 2025, 17, e00615 (6 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 11. Radar plots illustrating the F-statistics derived from factorial ANOVA for assessing the effects of two-factor interactions on the responses.

ANOVA through the Isalos data analytics platform. Figure 11
presents radar plots of F-statistics derived from the factorial
ANOVA for two-factor interactions, illustrating how each two-
factor interaction influences the response variables. For the
reaction time response, combining temperature with either con-
centration or catalyst amount had a pronounced effect. By
contrast, two-factor interactions played a smaller role in TOF
response, and their impact on hydrogen production yield was
even less apparent. These insights highlight the critical role
of temperature in optimizing reaction time and TOF, especially
when combined with appropriate concentration and catalyst
amount. Conversely, the minimal impact of two-factor interac-
tions on H2 yield suggests that maintaining optimal individual
factors is sufficient to achieve high hydrogen production without
the need for complex multi-factor adjustments. Future exper-
imental designs should prioritize optimizing temperature and
catalyst amount to maximize TOF and reduce reaction time,
while ensuring adequate concentration to sustain high H2 yields.

The Pearson correlation analysis was performed to quantify
the strength and direction of linear relationships between the
three response variables: TOF, reaction time, and H2 yield. The
results are visualized in a heat map (Figure 12), which provides
a clear representation of the correlation coefficients. The Pear-
son correlation between TOF and reaction time was found to be
−0.62, indicating a moderate negative correlation. This suggests
that as reaction time decreases, TOF tends to increase, which is
consistent with the expectation that faster reactions often result
in higher turnover frequencies. The correlation between H2 yield
and reaction time was −0.08, indicating a very weak negative
relationship. This weak correlation suggests that reaction time
has little to no consistent linear influence on hydrogen yield
within the experimental conditions explored. Finally, the corre-

Figure 12. Heat map of Pearson correlation coefficients illustrating the
linear relationships between the three response variables: TOF, reaction
time, and H2 yield.

lation between H2 yield and TOF was 0.18, indicating a weak
positive relationship. While a slight increase in H2 yield with
higher TOF is observed, the relationship is not strong enough
to suggest a significant or consistent linear dependency. Given
the moderate negative correlation between TOF and reaction
time, efforts to enhance TOF through temperature optimization
are likely to yield more efficient catalytic performance, while the
weak correlations involving H2 yield suggest that its optimiza-
tion may require independent control of factors beyond those
influencing TOF and reaction time.

ChemCatChem 2025, 17, e00615 (7 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 13. Variance percentage for each principal component (PC) derived
from the PCA analysis.

Table 2. PCA loadings for each variable on the three principal compo-
nents (PC1, PC2, and PC3).

Variable PC1 PC2 PC3

Reaction time −0.67 0.28 0.69

TOF 0.69 −0.10 0.71

H2 yield 0.27 0.96 −0.12

Principal Component Analysis (PCA) was conducted to exam-
ine the variance structure among the three response variables
and to identify patterns in their contributions to the principal
components (PCs). The explained variance associated with each
component indicates how much of the total variability in the
dataset is captured by that component. PCA revealed that PC1
and PC2 together account for 87.7% of the total variance in the
dataset, with PC1 explaining 55.8% and PC2 contributing 31.9%
(Figure 13). The variance explained by PC3 is only 12.3%, sug-
gesting that its contribution is minimal compared to the first
two components. The low variance explained by PC3 and its
insignificant loadings indicate that additional factors or higher-
order interactions have a negligible impact on the response
variables. Resources can be efficiently allocated by focusing on
the first two principal components, which capture the majority
of the system’s variability, thereby streamlining the optimization
process.

The variable loadings on each principal component reveal
the contributions of the response variables to the respective
components (Table 2). The loadings for PC1 show that reaction
time, TOF, and H2 yield contribute −0.67, 0.69, and 0.27, respec-
tively, highlighting a contrast between reaction time and TOF
with a smaller role for H2 yield. The strong negative loading of
reaction time and positive loading of TOF on PC1 indicate that
reducing reaction time is closely associated with increasing TOF.
This relationship underscores the critical role of temperature in
enhancing catalytic performance by accelerating reaction kinet-

ics. For PC2, the loadings are 0.28, −0.10, and 0.96, indicating that
this component is dominated by H2 yield, with weaker contribu-
tions from reaction time and TOF. Since H2 yield is less correlated
with reaction time and TOF, optimizing hydrogen production
may require independent control, as already discussed. Given the
minimal explained variance of PC3, its loadings (0.69, 0.71, and
−0.12 for reaction time, TOF, and H2 yield, respectively) are not
considered significant for the interpretation of the data.

3. Conclusion

Concluding, in this work, the hydrolysis of AB was extensively
studied, varying different parameters, such as temperature, stir-
ring rate, AB concentration, and AB to catalyst molar ratio.
Results showed over 85% H2 yield. The highest TOF value was
achieved at the highest studied temperature of 50 °C and was
1004 min−1, while at 40 °C, which was the optimum temperature
used in this study, the TOF value was 400 min−1. The CFD studies
were also in great agreement with the experimental data, vali-
dating the results with a maximum error of 13%. The effect of
support was also tested, and it was noticed that when the sup-
port was used by itself at 40 °C, no H2 was produced. Thorough
statistical analyses were conducted using Isalos data analytics
platform, including one-way ANOVA, factorial ANOVA, Pearson
correlation, and PCA to provide a comprehensive understand-
ing of the factors influencing the AB hydrolytic reaction’s key
performance indicators: TOF, reaction time, and H2 yield. One-
way ANOVA revealed that temperature has a highly significant
effect on TOF (p = 7.7 × 10−7) but a minimal impact on H2

yield (p = 0.73), suggesting that elevated temperatures acceler-
ate reaction kinetics without substantially increasing hydrogen
production due to the reaction approaching thermodynamic
equilibrium. Factorial ANOVA further demonstrated that two-
factor interactions, particularly between temperature and con-
centration or catalyst amount, significantly affect reaction time,
whereas their influence on TOF and H2 yield remains limited.
Thus, future experiments will focus on the combination of these
two parameters to achieve less reaction time. Pearson correlation
analysis showed a moderate negative correlation between TOF
and reaction time (r = -0.62), indicating that higher TOF is associ-
ated with shorter reaction times, while the correlations between
H2 yield and both reaction time (r = -0.08) and TOF (r = 0.18)
are weak, suggesting minimal linear relationships. PCA identi-
fied that the first two principal components account for 87.7%
of the total variance, with PC1 primarily associated with TOF and
reaction time and PC2 dominated by H2 yield, thereby highlight-
ing the distinct factors influencing each response variable. Based
on these findings, temperature is ranked as the most important
factor for optimizing TOF, followed by stirring rate and cata-
lyst concentration for H2 yield, and substrate-to-catalyst ratio for
reaction time. Moving forward, future research should focus on
multi-factorial optimization techniques such as Response Surface
Methodology (RSM) to refine experimental conditions, enhance
H2 yield, and improve overall reaction efficiency by strategi-
cally targeting the most influential factors identified through this
comprehensive analysis and by combining factors such as tem-
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Figure 14. Schematic diagram of the experimental set-up.

perature and AB or catalyst concentration for optimization of
the process. Additionally, this will enable integrating machine
learning algorithms and CFD for developing predictive models
to facilitate the identification of optimal operational parameters
and accelerate the optimization process.

4. Experimental and Computational Section

4.1. Catalytic Hydrolysis

The catalytic experiments were conducted utilizing an Ir/Ni10Ce
catalyst, where its synthesis and characterization are described in
the Supporting Information. The reaction took place in a batch
reactor of 30 mL total volume capacity on top of a magnetic stir-
ring hot plate. The catalyst and a magnetic stirrer were added in
the reactor containing 5 mL of distilled water (Figure 14). After
an equilibrium of the system and when the system reached the
desired temperature, the desired amount of AB was added to the
reactor. The flask was connected to a gas collection system (Man
On the Moon X102 kit), measuring the partial pressures of the
generated H2. Using the ideal gas law (Equation 2) the pressure
of H2 produced was quantified by calculating the moles of H2.

pV = nRT (2)

These data were then transformed into a dimensionless
ratio (λ) between the number of released moles and the initial
amount of AB added to the system.

λ = n (H2)
n (NH3BH3)

(3)

The turnover frequency (TOF) values were also calculated
based on Equation (4), assuming all metal particles take part in
the reaction.

TOF = nNH3BH3 consumed

3nmetalt
(4)

4.2. Reaction Kinetics

Many studies[3,37,33,38–40,34,41–46] proposed that AB hydrolysis fol-
lows Langmuir–Hinshelwood kinetics since the reaction order
was found between zero and one. The hydrolysis reaction rate
was modeled using a simple Langmuir-Hinshelwood approach,
as shown below (Equation 5), based on the assumption that
AB is adsorbed in the catalytic surface and subsequently reacts
to form H2. This model gave good validation and thus, it was
chosen as a suitable model for this reaction. Moreover, a study
suggested that this kinetic model is suitable for temperatures up
to 60 °C,[34] which was within the temperature range of this work
(30–50 °C).

r = kKads.CAB

1 + (Kads.CAB)
(5)

In the equation above, r represents the rate expression
(mol/m3.s), k is the specific rate constant (mol/m3.s), Kads is the
Langmuir adsorption equilibrium constant (m3/mol), and CAB

denotes the initial concentration of AB (mol/m3).

4.3. Batch Reactor Modeling

Since the experiments were carried out in a batch reactor, which
is ideally mixed (no inflow or outflow), a zero-dimensional (0D)
model was developed utilizing the COMSOL v6.0 simulation
software, based on the assumptions of constant volume and
ideal fluids. The feature Reaction Engineering was used, incor-
porating the mass balance (Equation 6) for each component, i,
considering constant volume.

dci
dt

= Ri (6)

In the above equation, ci is the concentration for each specie,
i, (mol/m3), t is the time (s) and Ri denotes the sum of each
components rate expression (mol/m3.s).

Along with Equation (6), the reaction rate (Equation 5) was
implemented in COMSOL v6.0 for the validation of the experi-

ChemCatChem 2025, 17, e00615 (9 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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mental data. The CFD evaluated parameters were temperature,
stirring rate, AB concentration, and AB to catalyst molar ratio. The
batch system had 4 degrees of freedom and an average of 7 s
of computational time. A table (Table S2) with the modelling
parameters is presented in the Supporting Information.

4.4. Statistical Analysis

Comprehensive statistical analyses were conducted using the
Isalos data analytics platform,[47,48] employing analysis of vari-
ance (ANOVA) and principal component analysis (PCA) to evalu-
ate the efficiency of the hydrolytic reaction of AB investigated in
this study. In general, thorough statistical analysis has not been
implemented for catalytic H2 production processes, therefore,
this analysis will bring foremost statistical important parame-
ters that influence H2 yield in the hydrolytic reaction of AB.
Specifically, the main effects and interactions of temperature,
stirring rate, AB concentration, and substrate (AB) to catalyst
ratio (Sub/Cat) were assessed with respect to the three response
variables: reaction time, TOF and H2 yield. ANOVA and PCA were
employed in this study with the objective of ranking the rela-
tive importance of each main factor and two-factor interactions
for each response variable. A clear relationship between the
measured signals (factors) and certain groups of observations
(response variables) was established to address the significance
of each factor in relation to each response variable. This, along
with the experimental results, will refine future experimenta-
tion, enabling a focused and detailed investigation of the factors
identified as critical, thereby optimizing the hydrolytic reaction
of AB for maximizing the hydrogen yield, minimizing reaction
times, and achieving high TOF. The combination of ANOVA
and PCA has been widely used to optimize chemical reac-
tions in various chemical engineering processes,[49] including
biodiesel production,[50] syngas generation[51] and the synthesis
of n-benzylideneaniline.[52]

Quantile-Quantile (QQ) plots were generated for each factor-
response pair to assess the normality of residuals, a criti-
cal assumption for subsequent parametric tests. For a given
response variable Y and factor F, a one-way Analysis of Variance
(ANOVA) model is fitted as.[53]

Yij = μ + αi + εij (7)

where Yij denotes the j-th observation of Y at the i-th level of F,
μ represents the overall mean, αi is the effect of the i -th fac-
tor level, and εij is the residual (random) error associated with
Yij assumed to follow a normal distribution. The residuals εij are
ordered and plotted against theoretical quantiles.

zi = �−1
(
i − 0.5

n

)
(8)

where �−1 is the inverse cumulative distribution function of the
standard normal distribution, and n is the total number of resid-
uals. A linear alignment of points in the QQ plot indicates that
the residuals follow the normal distribution, thereby validating
the subsequent use of parametric ANOVA tests.

Box plots were used to visualize the distribution, central ten-
dency, and variability of responses across factor levels. For each
group (corresponding to a specific factor level), statistical mea-
sures such as the median (Q2), first quartile (Q1), third quartile
(Q3) and interquartile range (IQR = Q3–Q1) are calculated to
generate box plots.[54]

One-way ANOVA was used to test for significant differences
in group means, allowing for the quantification of the main
effects of individual factors: temperature, stirring rate, AB con-
centration, and substrate (AB) to catalyst ratio (Sub/Cat) on
responses: reaction time, TOF and H2 yield. The total variability
in Y is partitioned into between-group sum of squares as.[55]

SSBetween =
k∑

i=1

ni

(
Ȳi − Ȳ

)2
(9)

within group sum of squares as.

SSWithin =
k∑

i=1

ni∑
j=1

(
Yij − Ȳi

)2
(10)

and total sum of squares as.

SSTotal = SSBetween + SSWithin (11)

where k represents the number of factor levels, ni the number of
observations in group i, Ȳi the mean of group i, and Ȳ the overall
mean. The degrees of freedom associated with these sums are
calculated as dfBetween = k − 1, dfWithin = N − k (where N is the
total number of observations, N = ∑k

i=1 ni ) and dfTotal = N − 1.
The mean squares are then derived as.

MSBetween = SSBetween
dfBetween

(12)

MSBetween = SSBetween
dfBetween

(13)

leading to the computation of the F-statistic as.

F = MSBetween
MSWithin

(14)

The p-value is calculated using the cumulative distribution
function (CDF) of F-distribution, which is parametrized by the
degrees of freedom df1 (numerator) and df2 (denominator), given
by.

p − value = P
(
Fdf1,df2 ≥ F

)
(15)

where F is the observed F-statistic and Fdf1,df2 represents the F-
distribution with df1 and df2 degrees of freedom. A p-value less
than or equal to the significance level (commonly α = 0.05) indi-
cates that there are statistically significant differences between
the group means.

This was further extended by factorial ANOVA, which exam-
ines the simultaneous influence of multiple factors and their
interactions, providing deeper insights into complex depen-
dencies. For each pair of factors, a two-way ANOVA model is

ChemCatChem 2025, 17, e00615 (10 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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specified as.

Yijk = μ + αi + βj + (αβ )ij + εijk (16)

where Yijk is the k-th observation at the i-th level of factor Fa and
the j-th level of factor Fb, αi and β j represent the main effects
of factors Fa and Fb, respectively. The term (αβ)ij captures the
interaction effect between the two factors and εijk is the residual
error. The interaction effects are quantified through F-statistics
as.

F(αβ ) = MS(αβ )

MSE
(17)

where MS(αβ) is the mean square for the interaction effect and
MSE is the mean square error from the ANOVA table.

To explore the linear relationships among the response vari-
ables, Pearson correlation analysis was conducted. The Pearson
correlation coefficient rYZ between any two response variables Y
and Z is calculated using the formula.[56]

rYZ =
∑n

i=1

(
Yi − Ȳ

) (
Zi − Z̄

)
√∑n

i=1

(
Yi − Ȳ

)2
√∑n

i=1

(
Zi − Z̄

)2
(18)

where Yi and Zi are individual observations of Y and Z and Ȳ
and Z̄ are the means of Y and Z. The term n is the total number
of observations. The resulting correlation coefficients range from
−1 to + 1 indicating strong positive or negative correlations.

Last, principal component analysis (PCA) was performed to
examine the variance structure among the three response vari-
ables: reaction time, TOF and H2 yield and to identify patterns in
their contributions to the principal components (PCs). By focus-
ing on the principal components that account for most of the
variance, the study could prioritize factors that have the most
substantial impact on AB hydrolytic reaction, thereby enabling
more effective and strategic experimental designs. The data
matrix X, comprising the centered response variables, is con-
structed by subtracting the mean of each variable from the
corresponding data points.[57]

Xcentered = X − 1n X̄ (19)

where X is the original data matrix of size n x p, with p = 3 rep-
resenting the response variables, 1n is an n x 1 vector of ones and
X̄ is a 1 x p vector of column means. The covariance matrix � is
then calculated as.

� = 1
n − 1

XT
centeredXcentered (20)

Subsequent eigen-decomposition of � yields the eigenvec-
tors matrix V and the diagonal matrix of eigenvalues 	, ordered
in descending magnitude. The principal component scores Z are
obtained via.

Z = XcenteredV (21)

The proportion of variance explained by each principal
component PCk is determined using.

Variance Percentage of PCk =
(

λk∑p
m=1 λm

)
× 100% (22)
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