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ASSUMPTIONS AND APPROXIMATIONS OF THE MODEL

In order to minimize the number of parameters, we used the following simplifications in

deriving the model, described in Eqs.(4a-4c) of the main text.

First, we use an effective pseudo zeroth-order reaction scheme for Hs mediated hydro-
genation of 4-NiP at all times. The effective pseudo zeroth order kinetics observed in the
experiments [1, 2] supposedly follows from the microscopic binding-unbinding kinetics of 4-
NiP to the Pt nanoparticles and the reaction of the adsorbed species with dissolved hydrogen

(Eley-Rideal mechanism [3]):
dCynip

dt

= kalsnipCh,, (S1)

where k4 is proportional to the available surface of the catalyst and 64 n;p is the fraction of

the catalyst occupied with 4-NiP:

Ky nipCanip (S2)
1+ KynipCunip

94—NiP =

where K nip is the adsorption equilibrium constant of 4-NiP. When K, nipCanip > 1,
fs.nip =~ 1 and the kinetics is pseudo zero-the order in 4-NiP. This behavior is expected to
break at small densities of 4-NiP, where the full equation for coverage has to be taken into
account.

Second, we do not explicitly use Langmuir-Hinshelwood model [4] (accounting for the com-
petition of the reactants for the active sites at the catalysts) to describe the surface reaction
between borohydride and 4-NiP. In the literature [5-7] Langmuir-Hinshelwood approach is
used to fit the dependence of the short term apparent reaction rate £, on initial concentra-
tions. We use instead a simple binary reaction term with an effective rate coefficient k4p,

which can also depend on the initial concentrations of the reactants.
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Third, we have disregarded all back-reactions, since our focus is mainly on the interme-
diate stages of the time evolution of the 4-NiP concentration, rather than on the eventual
equilibrium state or on the initial short term effects. In particular, we disregard here the
induction period, associated with the back-reaction of 4-aminophenol with dissolved oxygen
[8-11], because in our experiments this induction period was shorter than the time resolution
of measurements. This back reaction might also be important at late stages of the reduction
process and at large surface to volume ratios, when dissolved oxygen, adsorbed from the
atmosphere, starts to dominate over hydrogen.

Finally, we adopt a linear dependence of the hydrogen evaporation flux on the dissolved
hydrogen concentration Cy,, neglecting the saturation concentration of Hy. This approxi-
mation is justified for evaporation from an open, stirred beaker into the atmosphere, since
hydrogen is much lighter than air and does not accumulate near the gas-liquid interface.
However, when an oversaturated solution is in direct contact with growing hydrogen bub-
bles, the effective saturation concentration depends on the bubble size through the Laplace
pressure, breaking the linear dependence of te flux on Cy,. Consequently, while the coefhi-
cient o; corresponds to the degassing rate from a stirred beaker and can be estimated using
gas-liquid mass-transfer models [12], the coefficient « should be regarded as an empirical

parameter.

DATA FITTING PROCEDURE

We fit the data presented in using the theoretical model. Not surprisingly, having 4 fitting
parameters for each experimental curve allows us to fit all the experimental data with high
accuracy. However, is it to be expected that upon changing the concentration of CaCly all
the rate constants have to change?

First, we can expect that the hydrogen transport rate o in the non-bubbling regime should
be the same for all supraparticles, because it is associated with the rate of Hy evaporation
from the reactor. Indeed, we can extract « by fitting the experimental data for ¢ > 7 min.
For both types of particles an excellent fit is obtained with o = 0.075 min~!. Second, the
collapse of the experimental data for ¢ > 7 min (see Fig. 4b in the main text) implies that

both the hydrolysis of borohydride and the hydrogenation of 4-NiP via dissolved Hy occur



at very similar rates for the particles of this set i.e. k4 and kp should be the same for all

Type A supraparticles.

Interestingly, it is indeed possible to fit all the data for particles of Type A and Type B
with the same values of k4, kg, as, a; and tp,, taken from the experiment, by solely varying

kap. We use the following set of common parameters:

kg =0.00755""1 ky=1.45-10"" 571,
=125-107"5" a,=4.8-107%s71, (S3)

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

Type A: ty, = 7min, (S4)

Type B (non-bubbling): ¢, = 0 min. (S5)

The values of k,p are fitted for each curve individually.

We remark, however, that the set of fitting parameters chosen above is not unique. In-
deed, while the long-term collapse of the reaction rate curves for Type A particles imposes
clear restrictions on the reaction rate coefficients, the data for supraparticles of Type B is
compatible with different scenarios. As shown in the top panels of Fig. S1, the same data
can be fitted successfully using different assumptions. For example, the fit shown in Fig. Sla
accounts for both chemical pathways at the same time and uses the same values k4, kg, a as
for Type A particles and varying kap. The fit in Fig.S1b accounts only for transfer hydro-
genation of 4-NiP by NaBH, with k4 = 0, the same values of kg for all curves and varying
kap. Finally, Fig. Slc shows a fit assuming only Hy-mediated hydrogenation of 4-NiP, with
kagp = 0 and varying k4, kg, a. Therefore, in this case it is not possible to identify the
relative importance of the two chemical pathways by studying only the evolution of 4-NiP
concentration. However, while the resulting c4.nip curves are very similar, the time evolution
of the Hy concentration in the solution is different, as shown in the corresponding bottom
panels in Fig. S1. The bottom panels of Fig. S1 show that the full model accounting for

both chemical pathways leads to a time evolution of the Hy concentration on a time scale,
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SPs of Type B: fitting the data with different reaction mechanisms
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FIG. S1. 4-NiP concentration (top) and modeled Hy concentration (bottom) for particles with
19 nm SiOg9 grains, fabricated with different concentrations of CaCla. Solid lines are fits using
Egs. (7?7-77) with the following sets of parameters: (a,d) k4, kp, « defined by Eq.(S3) and varying
kap (same parameters as for 182 nm) (b,e) k4 = 0, @ = 1.25-1073 5! and kap, kp fitted for each
curve (hydrogenation only by surface reaction with borohydride), (c,f) kap = 0 and fitted k4, kp,
a (hydrogenation only by dissolved Hs).

similar to what was observed for the Hy flux in experiments on concurrent hydrolysis and
4-NiP hydrogenation (see Fig. 1b in [13]). At variance, accounting for solely one of the two
chemical pathways leads to either monotonic growth of the concentration of Hy (Fig.Sle)[14],

or a very steep surge of Hy concentration (Fig.S1f), followed by slow relaxation.

Therefore, our model suggests a route to identify the underlying chemical pathway by per-
forming simple additional measurements. In fact, since in our model the outflow of hydrogen
is proportional to its concentration, measuring of Hy flux in the experimental condition may
differentiate between the different reaction mechanisms. Note, that the measurements of
hydrogen flux do not need to be very precise: it is sufficient to estimate whether the flux

increases, decreases or experiences a non-monotonous evolution in time.

While different sets of parameters may be used to fit the experimental curves with the
model in Egs. (??), we find the one proposed in Eq.(S3) particularly interesting since it

allows us to fit all experimental curves upon varying a single parameter k4p.
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FIG. S2. 4-NiP concentration (left) and fitted reaction rates (right) for 4-NiP reduction on Au-NP
embedded onto polymeric spheres. Data taken from [16] is represented by circles, solid curves are
fits using our model Eq.(4a-4c).
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FIG. S3. 4-NiP concentration (left) and its time derivative (right) for different initial concentrations
of 4-NiP. Data taken from Ref.[17], Fig.3.

ANALYSIS OF LITERATURE DATA

In this section we revisit previously published data on 4-nitrophenol reduction, focusing
on the studies where deviations from pseudo-first-order kinetics have been reported. The
datasets have been extracted from the figures of corresponding papers using the online tool
Automeris v5 [15].

We start by revisiting work by Li et al.[16], in which Au nanoparticles supported by poly-
meric sub-microspheres were used as the catalyst. In this work authors observed significant

deviations of 4-NiP reduction kinetics from pseudo-first order and reported formation of Ho



bubbles. To explain the data the authors proposed a fractional order kinetic model with
respect to 4-NiP and found that the reaction order depends on the surface coverage of Au
particles. However, we note that the apparent fractional order kinetics can also result from
an overlap of two different kinetic regimes operating at similar time scales. To illustrate
the point, we took the concentration curves from Fig.3 in [16] and fitted them using our
two-mechanisms model Eq.(4a-4c)(solid curves in Fig. S2a). We can see that the appar-
ent fractional order arises naturally when both hydrolysis and hydrogenation rates increase
with increasing Au-NP coverage (see fitted parameters kg, kap provided in Fig.S2b). In-
terestingly, a similar system with silver nanoparticles on a resin support [18] did not show
any deviations from pseudo first order kinetics despite the reported presence of Hy bubbles.
This is in line with the fact that Ag nanoparticles do not catalyse Hy-mediated hydrgogena-
tion, because dissociative adsorprion of hydrogen on silver is very weak [13]. Therefore only
mechanism [ (binary reaction between 4-NiP and NaBH, on the surface of the catalyst) with

first-order reaction kinetics is present.

Kinetics with different apparent reaction rates at short and long times has been also ob-
served and studied in [6, 17]. To explain this behavior authors proposed a reaction scheme in-
volving formation of an intermediate species (4-hydroxylaminophenol) that has a very strong
adsorption to Pt and blocks the active sites causing the slowdown of the reaction. Our model
provides an simple alternative explanation to this behavior: a shift from direct reaction with
borohydride to hydrogenation via dissolved Hy. To illustrate our point, we have extracted the
data from Fig.3 in [17], featuring 4-NiP reduction by NaBH, on SPB — Auy5Pds5 nanoalloys
at different initial concentrations of 4-NiP and NaBH,. While the plots in [17] are provided in
terms of the ratio Cynip/CY xip, We reconstruct the 4-NiP concentration and reduction rate
curves, by multiplying the data by the respective initial concentration Cf y;p (see Fig.S3).
Interestingly, at large excess of borohydride CR, gz, /Chxip > 100 (red, blue and black sym-
bols in Fig.S3) we observe the collapse of the reaction rate curves at long times, similar to
what we have witnessed for Type A particles. Such collapse is typical for the transition from
borhydride-mediated to Hs-mediated reduction of 4-NiP. Moreover, the non-monotonous
shape of the rate curve for C9 \;p = 0.1 mM suggests a reaction acceleration associated with
transition from bubbling to non-bubbling regime and build-up of dissolved H,, similar to

what was observed for Type C particles. However, since the presence or absence of bubbling
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has not been reported in [17], it is impossible to check this hypothesis.
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