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Abstract

The reduction of 4-nitrophenol (4-NiP) by sodium borohydride is widely used to benchmark
heterogeneous catalysts and is commonly simplified as a pseudo-first-order reaction, characterized
by a single reaction rate constant. In reality, this reaction is more complex, as it is accompanied
by hydrolysis of borohydride and concurrent hydrogenation of 4-NiP by produced hydrogen. This
makes local hydrogen concentration at catalytic sites an important, and so far overlooked, factor
in shaping apparent catalytic activity of heterogeneous catalysts. Re-examining benchmarking
experiments on Pt—SiOo supraparticles with different pore structures, we attribute contrasting
kinetic behavior to distinct regimes of hydrogen transport: diffusive transport sustains high local
concentrations of hydrogen and pseudo-first-order kinetics of 4-NiP hydrogenation, while bubble-
mediated escape causes hydrogen loss, deviations from pseudo-first-order regime and incomplete
conversion of 4-NiP. We propose a kinetic model that captures this transition and enables consistent
interpretation of experimental data. More broadly, our analysis shows that apparent differences
in activity observed in benchmarking experiments, that use 4-NiP reduction by borohydride as a
test reaction, can arise from hydrogen transport rather than intrinsic properties of the catalyst.
This highlights the need to account for hydrogen transport regime (bubbling/non-bubbling), when

comparing catalyst performance across different experiments.

INTRODUCTION

The reduction of 4-Nitrophenol (4-NiP) by sodium borohydride (NaBH,) in aqueous so-
lutions is widely recognized as a benchmark reaction for evaluating the efficiency of het-
erogeneous catalysts [1-4]. It has been first described over 20 years ago [5, 6] and quickly
gained popularity to its operational simplicity and the convenience of in situ monitoring
using UV-visible spectroscopy. Traditionally, the reaction kinetics have been described as
pseudo-first-order, characterized by a single reaction rate constant which depends on initial
concentrations of 4-NiP and NaBH, [7-9].

However, recent studies have shown that this reaction is more complex than previously
thought. In fact, the catalysts used for the reaction also promote the hydrolysis of borohy-
dride, leading to the formation of molecular hydrogen [10-12]. Since this process is much
faster than 4-NiP reduction, experiments are typically carried out with a large excess of
NaBH, to ensure complete conversion of 4-NiP and to maintain pseudo-first-order kinetics [1].
Also, some metals can catalyse hydrogenation of 4-NiP by dissolved hydrogen [11, 13, 14].
In this case, some of the hydrogen produced by hydrolysis can be used for direct 4-NiP
hydrogenation [11], while the rest is transported away from the catalytic region in the form

of bubbles or via diffusion, and eventually leaves the reactor. The 4-NiP to 4-AmP con-
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version rate in this case depends on the balance between hydrogen production and the rate
at which it leaves the system, which ultimately depends on the onset of bubbling [15, 16].
Accordingly, as it has recently been discussed for other catalytic systems [17], transport of

hydrogen becomes a crucial factor in determining the catalyst efficiency.

(a) Hydrogenation mechanisms
NO, NH,
(1) af )+ 3NaBH, Pt 4 + 3NaBO, + 2H,0

OH OH

(1) NaBH, + 2H,0 Pt. NaBO, + 4H,
NO, NH,
+ 3H, Pt + 2H,0

OH OH

(b) Hydrogen transport

transport degassing
via bubbles from the interface

FIG. 1. (a) Reaction scheme of 4-NiP hydrogenation, depicting different mechanisms: (I) transfer
hydrogenation by borohydride and (IT) hydrolysis of borohydride and hydrogenation by dissolved
hydrogen. (b) Sketch of hydrogen transport mechanisms: bubbling vs. degassing from the lig-
uid/gas interface.

While deviations of 4-NiP reduction kinetics from classical models have been observed pre-
viously [18-20] and hydrogenation via dissolved Hy has been acknowledged [11], the transport
of hydrogen has never been considered as a factor that can affect the reaction kinetics. In this
study, we address its relevance by re-examining experimental data on the reduction of 4-NiP
using Pt —SiO, catalytic supraparticles (SPs) fabricated via spray-drying techniques [21, 22].

These SPs offer tunable porosity at a fixed catalyst loading, enabling investigations into how
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pore size and distribution of the catalyst affect the reaction kinetics. While assessing the
catalytic activity of the obtained supraparticles using 4-NiP hydrogenation as a test reaction,
we observed puzzling deviations from the expected reaction kinetics, particularly in samples
that exhibit bubble formation. To address these deviations, we develop a kinetic model that
includes 4-NiP reduction by both sodium borohydride and dissolved Hs, and takes into ac-
count the transport of hydrogen. The model reveals two distinct regimes: initially, reduction
by borohydride dominates; at later stages, once borohydride is depleted, the main reduction
agent is dissolved Hy. We use our model to analyze experimental data and find evidence for
Hs-mediated hydrogenation at long times and for the influence of hydrogen transport on the

apparent reaction kinetics.

KINETIC MODEL OF THE TWO REDUCTION MECHANISMS

The classical scheme of 4-NiP reduction [7, 18, 23] describes a binary reaction at the

surface of a catalytic metal nanoparticle (M-NP) as [10]:
AHO(CH,)NO, + 3BH; 25 4HO(CgH4)NH; + 3BO; + 2H,0 (1)

This process is accompanied by catalytic hydrolysis of borohydride [10],

M-NP

BH; + 4H,0 X B(OH)] + 4 H,, (2)

which is typically much faster; hence, an excess of borohydride is required for efficient 4-
NiP reduction [3]. Meanwhile, some metals (in particular Pt and Pd) also catalyse a direct
hydrogenation reaction with Hy produced by hydrolysis [11, 13, 14]:

M-NP

HO(CﬁH4>NOQ + 3 HQ E— HO<C6H4)NH2 + 2 HQO, (3)

Experimental characterization of this pathway under high H, pressure shows its indepen-
dence on pH and pseudo-zeroth-order kinetics with respect to 4-NiP, up to very small 4-NiP
concentrations (see [13] and the Supplementary material in [11]).

Therefore, two mechanisms can coexist: reduction by sodium borohydride (Eq. 1) and a
two-step route via hydrolysis and hydrogenation by dissolved Hy (Egs. 2-3). When H, is
produced, it can either leave the system or be used for 4-NiP hydrogenation. The fraction
used is controlled by the competition between the hydrolysis rate and Hy removal. Accord-
ingly, fast transport reduces the local Hy concentration and thus the overall conversion rate
of 4-NiP. Prior to borohydride depletion, both mechanisms are likely operational, leading to

complex reaction kinetics. To capture both chemical pathways together with the transport

4

Page 4 of 20


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01411e

Page 5 of 20 Catalysis Science & Technology

View Article Online
DOI: 10.1039/D5CY01411E

of hydrogen, we use a simplified kinetic model:

dC4-NiP

T —kaCn, — 4k spCyNipCNaBH, » (4a)
dCNaBH,
% = —kpCNa, — 3kABC4NiPCONaBH, , (4b)
dCh,
— = 4kpCxapn, — 3kaCh, — aCh,. (4e)

Here, Cxapn,, Canip, Cy, are concentrations of the respective species, k4p and k4 are ef-
fective rate constants of 4-NiP reduction by borohydride and Hs-mediated hydrogenation,
kg is the hydrolysis rate, and « is the Hy transport rate. Note that these rate coefficients
are effective, i.e., they depend on catalyst loading, distribution of catalyst inside the supra-
particles, and adsorption kinetics. We remind that we use here a pseudo zeroth order kinetic
model for Hy-mediated hydrogenation [13], which is supposed to break down at very small
concentrations of 4-NiP. Our model also neglects the back reaction of 4-AmP with oxygen
[24], which starts to play a role when oxygen adsorbed from the atmosphere dominates over
hydrogen produced by hydrolysis: this can happen in the first seconds of the reaction (”in-
duction period”) or when the volume of the reaction mixture is very small, resulting in high
surface-to-volume ratio. Assumptions and limitations of this model are discussed in more

detail in Supplementary Materials.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Incorporating a transport term, aCy,, into the kinetic model (see Eq.(4c)) allows us to
account for the rate at which hydrogen escapes from the solution. Notably, when hydrogen

is released in the form of bubbles, its evacuation rate is significantly higher than in the

Open Access Article. Published on 17 February 2026. Downloaded on 2/25/2026 7:32:41 AM.

absence of bubbling, where hydrogen loss is limited to degassing from the liquid surface. To

capture changes in the transport mechanism over the course of the reaction, we introduce a

(cc)

simplified, piece-wise constant model for the transport coefficient:

a(t) _ { ag t < tpup (5)

op t 2 thy,

where a; corresponds to bubble-mediated H, transport, a; is the transport coefficient in the
absence of bubbles, and t,, is the time at which bubbling stops, which can be determined

by visual observation.

The transport coefficient in the absence of bubbling «; can be estimated as the degassing
rate from a stirred beaker: «; = kpa, where a = A/V is the gas-liquid interfacial area per
unit volume, and kj, is the liquid-side mass-transfer coefficient which captures the effective
rate of transport of chemical species to the interface [25]. Since ¢ is proportional to surface-

to-volume ratio, it is not an intrinsic property and depends on the volume of the reaction
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mixture and on the shape of the reservoir in which the reaction takes place. Accordingly, in
order to compare different experimental observations it is important to know (and hence to
report) these data.

On the other hand, bubble-mediated transport coefficient o, should be regarded as an
empirical parameter: the flux of hydrogen in the bubbling regime depends strongly on the
conditions of bubble growth and detachment, which are sensitive to the porous structure

and wetting properties of the catalyst support, stirring rate, etc.

EXPERIMENTAL METHODS
Synthesis of catalytic supraparticles

In this work we analyse the kinetics of 4-NiP reduction on three different types of catalytic
supraparticles (Typea A B and C):

Type A and Type B Pt—SiO, Supraparticles. Catalyst Types A and B correspond
to the spray-dried Pt—SiO, supraparticles previously reported by Groppe et al. [21]. Their
synthesis and structural characterization are described in detail in that publication. Briefly,
colloidal suspensions containing 4 nm Pt nanoparticles and SiOs nanoparticles of different
sizes in a CaCly solution were spray-dried to form hierarchical supraparticles with tunable
pore frameworks. Type A supraparticles were prepared from 182 nm SiO, nanoparticles
with varying CaCl, concentration (0.025-0.075 mmol Ca*"/ggi0,), producing large intersti-
tial pores (>40 nm). Type B supraparticles were made from 19 nm SiO, nanoparticles
with varying CaCl, concentration (0.1-0.25 mmol Ca?* g~ SiO,) and feature smaller pores
(8-19 nm). The Pt loading, measured via inductively coupled plasma atomic emission spec-
troscopy (ICP AES), for Type A and Type B particles was similar: 0.9 and 0.94 mgp, /gsio,
respectively [21]. All structural and compositional data are reproduced from [21], and no
additional synthesis or measurements were performed in the present work.

Type C Pt-SiO; Supraparticles. Catalytic supraparticles of Type C were newly
synthesized following the protocol reported by Groppe et al. [22]. SiOs supraparticles were
produced by spray-drying an aqueous dispersion of 8 nm SiO, nanoparticles without CaCly
to yield compact structures with pore diameters of 2 — 10 nm. Platinum was subsequently
deposited by atomic layer deposition (ALD) conducted on a GEMStar-6 XT ALD reactor
from Arradiance using trimethyl(methylcyclopentadienyl)platin(IV) and ozone as precursors.
Two catalyst batches (15 and 30 ALD cycles) were prepared. All ALD and spray-drying
parameters were reproduced from [22].

Catalyst stability. For particles of Type A and B, stability of the catalyst has been

studied in [21]. SEM and N,-sorption measurements of the materials after reaction showed

6
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no detectable structural degradation (see Fig. S43-S44, Table S9 in [21]), and cycle stability
tests confirmed reproducible activity over two reaction cycles (see Fig. S45 in [21]). More-
over, cycle stability tests showed no loss of activity over two consecutive catalytic runs (Figure
S45). A slight activity increase after the second cycle was attributed to minor disintegration
of individual Pt nanoparticles, which increases the accessible active surface area. Therefore,
catalyst deactivation can be ruled out as the origin of the deviations from pseudo-first-order
kinetics observed in this work. These results indicate that the supraparticle catalysts remain
stable under the reaction conditions used in this work.

Reproducibility. The spray-drying fabrication method yields highly reproducible pore
structures of the silica supraparticles across independent synthesis batches, comfirmed by
structural analysis (see Fig. S16 and Table S6 in the Supporting Information of [22]).
The ALD-based Pt deposition can show slight batch-to-batch variations regarding the total
amount of deposited Pt. However, by quantifying the Pt content using ICP (Inductively
Couples Plasma) measurements, its effects on the apparent fluctuations in the rate constant
can be taken into account.

4-NiP reduction experiments

The time-resolved 4-NiP concentration curves for catalysts of Type A and B were taken

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

directly from [21] and reanalyzed using the kinetic framework introduced in this study. No
new catalytic experiments were carried out for Types A or B. For Type C catalysts, ex-
periments were performed under identical conditions to those used in Groppe et al.[21]:
Cynip = 6.5-1075M, Cxapn, = 0.1M in aqueous solution at T = 25°C and pH = 10.4—10.5
set by NaOH addition. The reaction was performed in a 25 mL beaker (30 mm diameter),

Open Access Article. Published on 17 February 2026. Downloaded on 2/25/2026 7:32:41 AM.

(cc)

agitated with a magnetic stirrer at 200 rpm. The reaction was monitored by UV-Vis spec-
troscopy of filtered samples of the reaction mixture, extracted by 2 ml portions at 2 min
intervals, starting from the initial volume V' = 20 ml [21, 22]. The decrease in 400 nm
absorbance peak corresponding to 4-NiP was used to determine 4-NiP concentration as a

function of time:
_ Cynip(t) _ A(t) (6)
Cynip(0)  A(0)’

where A(t) is the amplitude of the peak at time ¢ [21]. The bubbling time was assessed by

canip(t)

visual inspection of the video recordings of the experiments.

To assess the importance of Ho-mediated reduction, we also performed the experiments
for Type C particles using gaseous hydrogen as reducing agent. Experiments were performed
under the same conditions as described above for 15-cycle Pt ALD on 8 nm SiO, spherical

particles. Reactions were carried out at 25 °C in a 25 mL beaker containing 20 mL of 4-

7
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nitrophenol solution (7.57°M). A 2 mL aliquot was withdrawn at ¢ = 0 min, after which Hy
was introduced via a needle at a flow rate of 10 mL min~!. Successively 2 ml portions have

been taken out every 2 minutes to perform UV-Vis spectroscopy.

ANALYSIS OF EXPERIMENTAL DATA

We revisit here the results of 4-NiP reduction experiments on spray-dried composite
Pt — SiOy supraparticles described in [21] (Type A and B) and complement them with
new measurements for superparticles obtained by spray-drying a dispersion of passive SiOq
nanoparticles with subsequent incorporation of Pt using the ALD method [22]:

Type A: 182 nm SiO; + 4 nm Pt 4+ CaCl,. Large pores (all > 40 nm), agglomerates
of Pt nanoparticles inside the supraparticles and on the surface; strong bubbling in the first
5-8 min. Dataset from [21].

Type B: 19 nm SiO; + 4 nm Pt 4+ CaCl,. Tunable pore size distribution (8-19 nm)
with all pores < 40 nm; aggregates of Pt particles inside the supraparticles; no bubbling
observed. Dataset from [21].

Type C: 8 nm SiO; with Pt by ALD [22]. Very small pores (4 nm); small clusters of
Pt atoms in a thin layer near the surface of the supraparticle. 4-NiP reduction experiments
performed for supraparticles with 15 and 30 ALD cycles show active bubble formation in
the initial stage of the reaction: 5-7 min (30 cycles) and 7-9 min (15 cycles). For particles
fabricated with 15 ALD cycles an additional experiment was performed with Hs as a reducing
agent, which was bubbled through the 4-NiP solution at constant rate 10mL/min.

The evolution of the 4-NiP concentration for supraparticles of Types A, B, and C is shown
in Fig. 2a,c,e (experimental data are shown as symbols connected by dotted lines). While the
initial reaction rates for Types A and B are similar , Type A particles shows weaker activity
at longer times and lower 4-NiP conversion after 30 min (see Fig. 2b,d). Type C particles
show higher initial reaction rates compared to particles of Type A and B, and experiences an
unexpected surge of activity a few minutes into the reaction (see Fig. 2e,f). Type C particles
also exhibit high catalytic activity for the Hy reduction of 4-nitrophenol (magenta curves in
Fig. 2e,f), confirming the viability of the Hyo-mediated pathway.

We start by comparing the activity of Type A and Type B supraparticles, which all
have the same Pt loading. Interestingly, as shown in Fig. 3, some pairs of Type A/Type B
supraparticles exhibit identical catalytic activity during the first 5 min of the reaction, but
diverge markedly at longer times. Moreover, Fig. 3 shows that the concentration profiles of
Type B supraparticles remain linear on a semilogarithmic scale, consistent with pseudo-first-
order kinetics, whereas Type A profiles deviate after 5-8 min, indicating a transition to a

different kinetic regime. To pinpoint this transition, we extract the time evolution of the 4-

8
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Type A Type B Type C
1.0 10 10 (e)
c 0.8 0.8 0.8
o
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] ~ 02 0025 mmoles:+ /gsio; 02 0.1 mmolca2+ /gsio, 02 15 ALD cycles
Q ®: 0.05 mmolc,2+/gsio, ®: 0.05mmolcaz+/gsio, S @ 30 ALD cycles
g @ 0075 mmolcaz+/gsio, - 025 mmolcy+/gsio, - 15 ALD cycles, H2 .. )
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g time [min] time [min] time [min]
e FIG. 2. Experimental data: time evolution of normalized 4-NiP concentration and reaction rate
% for Types A (a,b), B (c,d), and C (e,f). Dotted curves with symbols: experimental data; solid
= . . . .
B curves: model fits to Eqs. (4a—4c). The dashed line in (e,f) corresponds to the experiment on 4-NiP
o reduction with Hs.
2 Shaded areas: time range within which bubbling stops.
)
®
@
< . . . . . . . . .
= NiP reduction rate by applying finite-difference differentiation to the measured concentration

profile in Fig.2a,c,e. As shown in Fig.2b,d at short times (¢ < 5 min), the reaction rates

Open Access Article. Published on 17 February 2026. Downloaded on 2/25/2026 7:32:41 AM.

differ between different Type A samples, but at longer times (¢ > 5 min), all the rate

curves collapse. Notably, while the 4-NiP concentration at ¢ = 5 min varies significantly

(cc)

(Fig. 2a), the rates at and beyond this point are nearly identical (Fig. 2b). This behavior is
consistent with the pseudo-zeroth-order kinetics with respect to 4-NiP, characteristic of Hs-
mediated hydrogenation reported in Refs. [11, 13]. This can happen if most of borohydride
is hydrolysed in the first few minutes of the reaction, after which hydrogenation by dissolved
H; dominates. This suggestion is also consistent with the fact that production of Hy bubbles

was observed only in the first 5-8 min of the reaction [21].

To analyze the data, we use a simple kinetic model Egs. (4a—4c), which describes two
pathways of 4-NiP reduction and takes into account hydrogen transport (see Supplementary
material for details). Before fitting the model to experimental data, we use it to rationalize

the observed kinetic features on a qualitative level.

First, our model predicts that systems with identical reaction rates (kag, ka, kg, see the
reaction scheme in Fig.1 and Eqs.(4a-4c)) and different transport rates a collapse at short

times, then diverge at long times to reach different conversion levels (Fig. 4a,b). Indeed,

9
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FIG. 3. Semi-logarithmic plot of normalized 4-NiP concentration for Type A and Type B supra-
particles with the same initial activity.
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FIG. 4. Theoretical results: calculations using model Egs.(4b-4c) reproducing typical kinetic fea-
tures observed in experiments.

at short times, the reduction by sodium borohydride dominates and the reaction rate is
governed by NaBH, concentration (dashed curve in Fig. 4a,b), which is the same for all the
systems; at long times, reduction proceeds via dissolved Hy, whose concentration depends
on the transport rate. This is exactly what we observe for supraparticles of Types A and
B with matched initial rates (see Fig. 3). We suggest that these supraparticles show, in
fact, very similar catalytic activity, and the difference in their eventual efficiency is due to

different mechanisms of hydrogen transport (bubbling vs. non-bubbling).
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FIG. 5. Fitted values of k4p for supraparticles made of 182 nm (a) and 19 nm SiO9 supraparticles
(b) versus salt concentration used during fabrication. Fitting performed using the model Eq.(4a-4c)
with parameters defined by Eq.(7).

Second, our model predicts that catalytic systems can behave differently in the initial
stages of the reaction but exhibit the same catalytic activity at long times (collapsing curves
in Fig. 2b), if they have the same values of k4, kg and « but different values of k45 (Fig. 4c,d).
Indeed, in the initial stage, the reaction proceeds mostly via reduction by NaBH,, captured
by k4. However, at later times hydrogenation Hy becomes dominant. The reduction rate in

this region depends only on k4 and the hydrogen concentration cy,, which, in turn, is defined

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

by the rates of hydrolysis kg and transport «. The collapse, depicted in Fig. 2b, suggests
that supraparticles of Type A have the same catalytic activity with respect to hydrogenation

Open Access Article. Published on 17 February 2026. Downloaded on 2/25/2026 7:32:41 AM.

by dissolved Hy and hydrolysis, but different catalytic activities with respect to reduction
by borohydride.

Finally, the unusual activity surge observed for Type C particles is captured by the time-
dependent transport a(t) (Eq. 5), with o > «; (see Fig. 4¢). When bubbling stops before
full NaBH, depletion, Hy produced by hydrolysis accumulates in the solution (see Fig. 4f)

(cc)

and leads to the acceleration of Hy-mediated hydrogenation.

We note that the slowdown of the 4-NiP reduction over time, shown in Fig.2a, has been
observed previously, but was attributed to fractional order reaction kinetics [20] or formation
of an intermediate with very high adsorption to the catalyst [18, 19]. However, none of these
models exhibit naturally the characteristic kinetic features that we have observed in our
experiments: namely, the collapse of the reaction rates at long times (due to transition to
H2-mediated reduction) and acceleration of the reaction upon cessation of bubbling (due
to accumulation of dissolved H2). Interestingly, we do find these kinetic features in the
experimental data we extracted from Refs. [18, 20|, suggesting that the data is compatible

with our model (see Supplementary Material).
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Given these observations, we can fit all the data with Eqgs. (4a—4c,5) using minimal subsets
of fitting parameters, guided by the kinetic features described above. For Type A supra-
particles, all the curves in Fig. 2a can be fitted with the same values for k4, kg, as, a; by

solely varying k4p. We use the following set of common parameters:

kp=75-103s1 ky=145-10""s!,
a=125-10"725" a,=48-103s7", (7)

and the following values of bubbling time, based on experimental observations:

Type A: ty,, = 7min, (8)
Type B (non-bubbling): ¢,,, = 0 min. 9)

Indeed, the collapse of the reaction rate curves at long times (Fig.2a) suggests that k4
(Ho-mediated hydrogenation rate) and a; (Hy transport rate in non-bubbling regime) are the
same for all curves, and the fact that all curves collapse onto a master curve after the same
characteristic time suggests that kp (hydrolysis rate) and «, (Hy transport rate in bubbling
regime) are the same as well. While other sets of parameters (with different values of k4,
kg, as, oy for each curve) can also reproduce the data, the observed collapse is unlikely to be
coincidental, making a shared set of parameters the most natural explanation. Interestingly,
it is possible to fit the data for supraparticles of Type B (non-bubbling), using the same
set of shared parameters (ka, kg and o) as for Type A supraparticles; however, these fits
are not unique because no clear regime change is observed, making multiple mechanisms

compatible with the data (see Fig. S1 in the Supplementary Material).

We remark that the value of oy, obtained by fitting the tails of the concentration curves,
falls well into the expected region for the degassing rate from a stirred beaker: «; = 5 -
107%...5-107% s7!, where we used kz = 107°...107* m - sec™! experimentally measured
for similar conditions [26, 27] and a = 50sec™! (for 15mL of reaction mixture in a 25 mL

beaker).

The fitted values of the binary reaction coefficient k45 are provided in Fig. 5. For particles
of Type A kup increases with the amount of salt added during supraparticle fabrication.
This is in line with the fact that the average size of Pt agglomerates decreases with the
increase of CaCly concentration [21], exposing a larger surface area of Pt. However, the
collapse of the experimental reduction rate curves at longer times suggests that the amount
of catalyst available for Ho-mediated hydrogenation of 4-NiP is the same for all supraparticles.

Otherwise we would expect different reaction rates, k4, for different salt concentrations.
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These experimental data are compatible with the assumption that the morphology of the
Pt-aggregates mostly affects the surface reaction between 4-NiP and borohydride ions NaBH,
(i.e., kap), while Hy-mediated hydrogenation (i.e., k4) and hydrolysis (i.e., kg) are much
less affected. The latter is not so surprising: while the initial steps of multistep hydrolysis
reaction are slow at high pH, the subsequent steps are much faster and can proceed in the
bulk independently of the catalyst [11, 28, 29]. This may explain the lack of sensitivity of

kg on the morphology of the Pt-aggregates that we obtain from our analysis.

For what concerns k4, we recall that 4-NiP has a relatively high adsorption constant to Pt
[7, 11], which leads to almost full occupancy of catalysts by 4-NiP, which indeed is the cause
of the pseudo zeroth order kinetics of its reaction with Hy. Accordingly, even small amounts
of 4-NiP can lead to high occupancy level of the catalyst, irrespective of the morphology of
the Pt-aggregates.

In contrast, borohydride ions have a much smaller adsorption constant [7], making the
transfer hydrogenation rate very sensitive to the local concentration of borohydride, which

is affected by the morphology of the aggregates and the ionic strength of the solution.

For supraparticles of Type B, the fitted hydrogenation rate constants k4p are close to
those for Type A, ensuring similar conversion rates at the initial time (see Fig.5). The the
drastic difference in long-term behavior between the two types of particles can be captured
by changing only one parameter: the hydrogen transport rate in the initial stage of the

reaction: ag, for Type A and o; for Type B. However, we stress again that the datasets

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

for particles of Type B are compatible with different reaction mechanisms (see Fig. S1 in

Supplementary Materials).

Open Access Article. Published on 17 February 2026. Downloaded on 2/25/2026 7:32:41 AM.

For Type C supraparticles, the collapse of the reaction curves in the initial stage (Fig. 2e)

(cc)

suggests similar activity with respect to 4-NiP reduction by borohydride. Accordingly, it is

possible to fit these curves with the same kupg, kg, as, a; and different t,,;:

kp=5-10"%s"" kap =4.33-107% s~ 'L /mol, (10)
a=125-10"%s"" a, =0.125571, (11)

ith bubbling times estimated from experiment:

15 ALD: tp,, = 8min (12)
30 ALD: tp,, = 6min. (13)

The fitted values of hydrogenation rate coefficients for 15 and 30 ALD cycles are avery close:
ka = 1.0 - 1075s7! for particles fabricated with 15 ALD cycles and k4 = 1.1-107°s for
particles fabricated with 30 ALD cycles. Similar fits, however, could be obtained by fixing
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k4 and varying kg or by varying both.

The fits are provided as solid curves in (Fig. 2a—f), with the bottom panels showing
finite-difference derivatives of the fits on the experimental time grid. We can see that all
the fits are in excellent agreement with the data. Note that the surge of activity observed
for Type C particles (Fig.2e,f) is reproduced solely by changing the transport regime from
bubbling to non-bubbling at the time deduced from the experiment (visual disappearance
of bubbles). To verify our hypothesis and asses the role of hydrogen as reducing agent, we
performed an additional experiment with Type C particles fabricated with 15 ALD cycles,
in which gaseous Hy bubbled through a needle submerged in the reaction mixture. While
the procedure does not allow to control the actual concentration of dissolved H,, we can
clearly see that Hy-mediated reduction proceeds at a rate comparable to borohydride-driven

reduction (see magenta curve in Fig.2e f).

CONCLUSION

By revisiting experimental data on Pt-SiO, supraparticles with different pore architectures
(Types A, B, and C), we suggest that the reduction of 4-NiP by NaBHj, is not governed by
a single apparent rate constant but by the interplay of two reaction mechanisms: surface
reaction between 4-NiP and borohydride ions on Pt nanoparticles and 4-NiP reduction by
H, produced in the course of borohydride hydrolysis, which is largely controlled by the
conditions of hydrogen transport. At early times, reduction by NaBH,; dominates, while
at later times, hydrogenation by dissolved H, becomes increasingly relevant once NaBHy is
depleted. Which pathway prevails is determined largely by how fast Hs is transported out
of the system.

The kinetic features demonstrated by supraparticles of Type A,B,C illustrate the com-
bined effect of two reduction mechanisms and hydrogen transport: bubbling accelerates Hy
loss and leads to incomplete conversion (Fig. 2a, Fig. 4a), non-bubbling systems sustain
pseudo-first-order kinetics and achieve higher conversion (Fig. 2c, Fig. 4c), and in some
cases catalytic activity surges once bubbling ceases and dissolved Hy accumulates (Fig. 2e,f
and Fig. 4e,f). A minimal kinetic model combining the two reduction pathways with time-
dependent H, transport reproduces these observations. The presence of the Hy-mediated
reduction mechanism has been confirmed in an independent experiment, in which 4-NiP re-
duction was achieved by bubbling gaseous hydrogen through the reaction mixture. Moreover,
this mechanism can explain previously reported data for which the 4-NiP reduction kinetics
deviated from the pseudo first order model and alternative mechanisms such as fractional
reaction order [20] or the presence of intermediates [19] have been proposed. Interestingly,

as shown in the Suppl. Mat., these data sets can be easily understood as the outcome of the

14


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01411e

Page 15 of 20 Catalysis Science & Technology

View Article Online
DOI: 10.1039/D5CY01411E

interplay between the direct 4-NiP reduction via NaBH, and Hs-mediated reduction.

This has important implications for using 4-NiP reduction as a benchmark reaction. First,
catalyst performance can only be compared across studies if the hydrogen-transport mech-
anism is the same; bubbling and non-bubbling systems should not be directly compared. In
fact, our analysis shows that supraparticles with essentially identical catalytic activity (same
ka,kp,kap) can exhibit very different long-term behavior depending on the rate of hydrogen
transport (Fig. 3, Fig. 4a). Second, it is essential to track how the transport regime evolves
during the reaction. If bubbling stops before NaBH, is fully depleted, the concentration of
dissolved Hs rises and triggers a sudden increase in activity (Fig. 2e, Fig. 4e). Therefore,
in order to disentangle transport effects from intrinsic catalytic activity in benchmarking
experiments it is important to report hydrogen transport regime (bubbling/non-bubbling)
in publications and track its changes throughout the experiment. In non-bubbling regime
experiments should be reproduced at different surface-to-volume ratios (e.g. by scaling up
the volume of the reaction mixture or by performing the reaction in beakers of different
diameter) to exclude the dependency of the results on hydrogen transport rate. Finally, per-
forming additional experiments on direct 4-NiP hydrogenation with Hy can help to estimate

the importance of Hy-mediated mechanism for a particular catalytic system.

In addition, our analysis illustrates that 4-NiP reduction is not a single reaction but a
combination of 4-NiP reduction by borohydride, borohydride hydrolysis, and reduction by

dissolved Hy. Catalytic systems may therefore show different activities for each step. This is

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

evident for Type A supraparticles with the same Pt loading but different aggregate sizes: they
exhibit the same activity for reduction by dissolved Hy (see Fig. 2b, long times) but different

Open Access Article. Published on 17 February 2026. Downloaded on 2/25/2026 7:32:41 AM.

activities for reduction by borohydride (see Fig.2b, short times). The balance between the

reduction mechanisms depends also on the chemical nature of the catalyst. For example,

(cc)

for silver nanoparticles 4-NiP reduction proceeds almost exclusively via binary reaction with
NaBH, at the surface of the catalyst (mechanism I in Fig.1), because dissolved hydrogen does
not adsorb on Ag easily [10]. In contrast, platinum is very active in catalysing both hydrolysis
of borohydride and Ho-mediated hydrogenation (mechanism IT in Fig.1)[10], but is also more
prone to losses of hydrogen due to bubbling. Interestingly, the highest catalytic activity
is often achieved for bimetallic nanoparticles (Ag-Pt[30], Ni-Pt[6], etc.[31]), which possibly
provide an optimal balance between the two mechanisms. A model of 4-NiP reduction as a
combination of two reduction mechanism and hydrogen transport provides a convenient tool

to study such systems.

Beyond 4-NiP, our analysis has a broader impact: in generic reduction reactions driven
by hydrogen donors, the apparent kinetics can be strongly influenced by hydrogen transport.
For example, a dual reduction mechanism similar to the one we described has been reported

for formic acid and related donors, where both direct hydride transfer and Hy, production
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take place [32-36]. This suggests that the transport effects identified here are not confined to

a model system, but are representative of a wider class of transfer hydrogenation reactions.

Mechanistic analysis of catalytic performance should therefore account for the fate of in

situ generated Hj, since it can alter observed kinetics even when the underlying chemistry

remains unchanged. Finally, transport effects are expected to play an important role in

continuous-flow reactors [37—41].
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Published 4-nitrophenol reduction datasets for spray-dried Pt—SiO. supraparticles were re-
analyzed in this study, while new measurements were carried out only for supraparticles
modified by atomic layer deposition (ALD). Full details on data sources, synthesis procedures,
and kinetic modeling are provided in the manuscript and the Supporting Information.

All datasets supporting this article—including the raw 4-nitrophenol concentration time series
for Types A, B, and C supraparticles and kinetic fitting scripts—are openly available in Zenodo
at: https://doi.org/10.5281/zenodo.17607755
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