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The electrochemical reduction of CO, at gas-diffusion electrodes
offers a green pathway to the synthesis of elemental nanoparticles
(NPs) of the platinum group metals (PGMs) in aqueous media. The H,
and CO co-generated act on the direct reduction of the Pt, Pd and Rh
chlorides. The CO, equilibrium reactions are essential to obtain
nanoparticles. The recovery and upcycling of the PGMs and the
synthesis of PGM NPs are applications of the novel gas-diffusion
electrocrystallization (GDEx) process portrayed.

Metal-based nanoparticles (NPs) are a lively research subject
since metals hold different properties vs. their bulk materials
when they are at the nanometric scale. Especially, the platinum
group metals (PGMs; e.g., Pt, Pd, and Rh) display unique cata-
lytic properties." PGMs, although expensive and with limited
abundance in the Earth's crust, are yet the best-known catalysts
for proton exchange membrane fuel cells (PEMFC) or direct
alcohol fuel cells (DAFC).>* Pt remains the best catalyst for the
oxygen reduction reaction (ORR), even in alkaline media,*
whereas Pd is best for methane oxidation,® and Rh excels as
a catalyst for hydrogenation and hydroformylation reactions.®
NPs are preferred for catalysis due to their increased surface
area and, thus, high reactivity with lower PGM loading.
Amongst available methods, chemical reductions are the
most extended for the synthesis of PGM NPs.” Hydrogen (H,)
gas has been used as a reducing agent since first proposed by
Rampino and Nord in 1941 for the synthesis of colloidal Pt and
Pd NPs.*® Besides, to our knowledge there are no reports in
which H, has been used for the same purpose for the synthesis
of Rh NPs. Carbon monoxide (CO), as a reducing agent, has also
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Sustainability spotlight

Industrial transformations and recycling of the platinum group metals
(PGMs) must transition towards electricity-driven alternatives (powered by
renewable energy sources). Our work presents an electrochemical process,
also aiming at avoiding the addition of bulk chemicals. Aside from the
PGM ions to be transformed, our process only requires CO, as a feed. All
other reagents to achieve the conversions targeted are produced in situ, in
small amounts. No excess chemicals need to be stored or disposed.
Furthermore, it works under mild operating conditions (room tempera-
ture and atmospheric pressure). Remarkably, we achieve PGM removals of
>90%, in short periods of time. Our work aligns with the UN sustainability
goals: industry, innovation, and infrastructure (SDG 9) and climate action
(SDG 13).

been reported for the synthesis of shape-controlled Pd NPs." In
addition, CO has also been used to control the size of Pt NPs
during synthesis using other reducing agents.'»** In this
context, a mixture of H, and CO has been reported for the
synthesis of carbon-supported Pt NPs by Zhang and colleagues
(2013). They found that in the absence of CO, pure H, produces
big and polydisperse particles, while in the presence of CO,
monodisperse Pt nanocubes are formed.*

In most of these reports, H, and/or CO are introduced to the
reaction system by either bubbling the gases into the solution®
or by flowing them at different temperatures in special
furnaces.”® There are disadvantages of these methods, as in
some cases high temperatures (i.e. 100-180 °C) are required.
Besides the inherent safety risks of working with pure H, and
CO, even at room temperature, H, has a wide explosion range
(4-75%)'* and CO is extremely toxic at levels as low as 10 ppm.**

In this work, we propose the synthesis of PGM NPs (Pt, Pd,
and Rh) via the use of gas-diffusion electrodes (GDESs) in which
the reduction of CO, is conducted in a flow cell with an aqueous
medium. The electrolysis of water occurs simultaneously and,
thus, both H, and CO are cogenerated in situ while a solution
containing PGM chlorides passes by. The reduction of PGM
ions in solution is novel and brings sustainability benefits. This
process has the advantage that it is carried out at room

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature and H, and CO are produced in small amounts
eliminating the risks involved when working with these gases.
There are a few reports in which H, is electrochemically
generated in situ from the water reduction reaction (WRR) and
used to synthesize Pt nanoparticles with defined crystallo-
graphic orientations.'® However, to our knowledge no similar
reports exist for Pd and Rh. Alternatively, the proposed method
can also be used as a strategy to selectively remove PGMs dis-
solved in a solution and recover them as sedimented NPs.

We recently disclosed the use of GDEs for the electrosyn-
thesis of nanoparticles of iron oxide,”” copper and zinc
hydroxychlorides (spin transition materials),'® scorodite,' and
mixed metal (hydr)oxide libraries (i.e., birnessite, layered
double hydroxides, and spinels),*® by a process we called gas-
diffusion electrocrystallization (GDEx). In these cases, oxygen
was reduced on gas-diffusion cathodes, producing hydroxyl
ions (OH ") and strong oxidants (e.g., H,O, and HO, "), acting as
reactive intermediates for the formation of stable nanoparticles.
Analogously, in the present work, GDEx involved the use of CO,
as the gas feedstock to be electrochemically reduced. In this
case, when the GDE is polarized at an appropriate potential
(e.g., circa —1.0 Vagagci), the CO, reduction reaction (CRR)
generates CO and the simultaneous water reduction reaction
(WRR) produces H,. H, and CO act, thus, as reducing and size-
controlling agents, respectively, for the water-soluble platinum
group metal (PGM) precursors supplemented in the electrolyte,
ie., H,PtClg, PdCl,, and RhCl;.

The materials and methods employed to conduct this
research are found in the ESI (ESI-1).f Briefly, the electro-
chemical reactor consisted of 3 chambers: (a) one containing
a VITO CoRE® multi-layered carbon-based GDE (acting as
a cathode) and a Ag/AgCl reference electrode, (b) a second one
containing a Pt-coated tantalum electrode (acting as an anode),
and (c) the third one consisting of a gas compartment through
which CO, was fed with an overpressure of 20 mbar (g) to
percolate through the hydrophobic backing of the GDE. The
catholyte and anolyte compartments were separated by an
anion exchange membrane (FUMASEP® FAP-4130-PK). NaCl
0.5 M adjusted to pH 3 with HCI was used as supporting elec-
trolyte. Unless otherwise stated, the PGM NPs were synthesized
using chronopotentiometry experiments at —10 mA cm >,

The CRR on carbon-based electrodes and in aqueous elec-
trolytes yields (primarily) either carbon monoxide (CO) or for-
mic acid, under the conditions studied.**> CO was qualitatively
detected to be present in the system using a portable CO
detector in all experiments carried out, while traces of formic
acid were detected by HPLC (at ppm levels) only in the experi-
ments involving Pd. Thus, under the conditions studied here,
CO is the major product of CO, reduction in our process
(reactions (1) and (2)). Moreover, the WRR producing H, takes
place, simultaneously (reaction (3)).>

CO,+2H " +2 = CO+H,0 E’=—0.106 Vgug (1)
CO, + 2H,0 + 2~ = CO +20H  E°= —0.934 Vgue  (2)

2H,0 +2¢~ = H, + 20H™  E° = —0.828 Vgpug (3)

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

Fig. 1 (gray lines) shows the evolution of pH as the CRR
progressed as a function of the charge per volume, in the
absence of PGMs (blank). Starting from acidic conditions (i.e.,
pH ~3), an increase of the bulk pH up to ~6 was measured
when only 500 C L' had been consumed; after that, the pH
remained buffered until ~7.5 by the end of the experiment (10*
C L' consumed). Both, the CRR to CO (reactions (1) and (2))
and the WRR to H, (reaction (3)) yield OH ™, resulting in a fast
increase of the pH in the electrolyte.**** In a weakly alkaline
environment, unreacted CO, dissolves in the catholyte (reaction
(4)) as HCO; . The latter is further deprotonated under alkaline
conditions to CO;>~ (reaction (5)).

Both equilibrium reactions consume part of the OH™ anions
generated at the cathode, resulting in the buffering of the
electrolyte bulk.*

CO, + OH™ = HCO;" (4)

HCO;™ + OH™ = CO;* + H,0 (5)
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Fig. 1 (Left) Evolution of pH and concentration of dissolved platinum
group metal ions as a function of the charge consumed per unit
volume of catholyte, throughout the GDEx process yielding elemental
nanoparticles. (Right) X-ray diffraction patterns (up) and SEM micro-
graphs and distribution histograms (down) of the elemental nano-
particles. The white scale bar is 250 nm. (a) Pt; (b) Pd; (c) Rh.
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Upon addition of PGM ions to the solution (i.e., [PtCls]*,
[PACL]*", and [RhCI¢]*7), the initially yellow to orange trans-
lucent solutions progressively turned into black dispersions
(Fig. S2, ESI-IIt). The evolution of pH and PGM concentration
are shown in Fig. 1, as a function of the volumetric charge
density while the chronopotentiometric curves are shown in
Fig. S3, ESI-IL}

As can be seen in Fig. 1, the evolution of pH, as a function of
the volumetric charge density applied in the three cases is, to
some extent, comparable to that of the control experiment with
the background electrolyte. A rapid increase was observed from
PH 3 to 6 within the first 500-1000 C L™ consumed, after which
a buffering plateau was established, reaching a pH value of ~8
by the end of the experiments. Fig. 1 shows that the concen-
tration of Pd and Rh in solution decreases linearly after the
electrode is polarized, while the depletion of Pt ions only starts
after a delay period. The delay in the depletion of Pt suggests
that the reduction of [PtCls]>~ to Pt is a two-step process in
which [PtCl¢]>~ is first reduced by H, to [PtCly]>~ and then
further reduced to Pt° while [PdCI,]*~ and [RhCl¢]* ™~ are reduced
directly to the zero-valence form. Cameron and Bocarsly (1985)
pointed out that Pt metal formation does not occur until
a ~90% yield of [PtCl,]>~ has been accumulated, as [PtClg]*~
acts as an inhibitor of Pt metal formation,* explaining why
more charge is needed to deplete Pt from the solution when
compared to Pd and Rh. Thus, under GDEx conditions, the
formation of PGM NPs by the electrogenerated H, in the GDEx
process can be expressed as follows, for each metal involved:

[PtClg*~ + H, — [PtCL*" + 2H" + 2CI~ (6)
[PtCl, >~ + H, — Pt° + 2H* + 4CI~ (7)
[PACL, >~ + H, — Pd® +2H" + 4C1- (8)

2[RhClg]*~ + 3H, — 2Rh® + 6H" + 12CI~ (9)

Our results suggest that the reduction of the metal cations to
elemental nanoparticles is driven by a homogeneous chemical
reduction reaction as is clear from the linear decrease of the
PGM ion concentration over time, as opposed to an exponential
concentration decrease which is typical for heterogeneous
reactions.” Hence, the total charge consumed is related to the
simultaneous production of H, and CO. Some electrochemical
reduction of the metals could also take place at the surface of
the electrode, as it is evidenced with Pd, in which the Pd
deposited on the electrode can catalyse the reduction of CO, to
formic acid.”® However the electrodeposition is very limited due
to the low PGM ion concentrations and the associated mass
transport limitations.*

The products obtained were characterized using X-ray
diffraction (XRD) and scanning electron microscopy (SEM).
The diffractograms of the PGM NPs are shown in Fig. 1 (right,
up). The corresponding reflections of the crystal lattice for each
peak are indicated (Pt, PDF 00-001-1194; Pd, PDF 03-065-6174;
Rh, PDF 03-065-2866). The broad diffraction peaks suggest that
the grains are nanosized. The grain sizes calculated from XRD
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using Scherrer's equation,* were 9.2 nm, 12.4 nm and 4.5 nm
for Pt, Pd, and Rh, respectively. SEM was used to identify the NP
morphology and to estimate the particle size in the solid-state
(Fig. 1, right, bottom. The full-size images are presented in
Fig. S41). The individual nanoparticles had near-spherical
shape with size diameters in the range of 98 £+ 25 nm, 108 +
44 nm and 87 £ 41 nm for Pt, Pd, and Rh, respectively. These
NPs are larger when compared to NPs synthesized in previous
literature, using either bubbled H, as a reducing agent or
bubbled CO as a size controller/reducing agent (for Pt and Pd
NPs) (see Table S1 in ESI-III), however, it should be noted that
in our process neither surfactants, capping agents or support-
ing materials were used and the process was not optimized to
purposefully decrease the size of the NPs.

The usability of the GDEx process for the selective recovery of
PGMs was demonstrated using Rh as a model (ESI-IV}). Rh**
solutions (1.0 to 6.0 mM) containing AI** 185 mM, Mg”* 41 mM
and Fe*' 18 mM and HCI 1 M were treated with GDEx, and Rh°
was recovered as the main product (Fig S5, ESI-IVT) with more
than 99% removal from the solution while the other metals
remained in solution (Table S2, ESI-IV}). The composition of
the synthetic solution employed is based on published work on
a novel method for the leaching of PGMs from spent autocata-
lyst monoliths, i.e., microwave assisted leaching (MWAL).** The
potential use of MWAL followed by GDEx for PGM recovery has
been suggested for providing a complete and sustainable recy-
cling flow sheet for such kind of end-of-life materials. The
present article primarily focuses on explaining the underlying
mechanism of how the GDEx process works in the presence of
PGM ions. Yet, it also provides preliminary evidence on the
applicability of this method for the sustainable recovery of
PGMs from solution.*

Additional experiments were carried out to corroborate the
mechanism for the synthesis of PGM NPs here portrayed. In the
first experiment, CO, was replaced by Ar in the gas compart-
ment, while the cathode was polarized at the same current
density. Under these conditions, only the WRR takes place, and
the pH increases to alkaline values, as the CO, equilibrium does
not occur (Fig. S6a, ESI-Vt). The same trend was observed upon
the addition of metals, in which, Pd and Rh ions precipitated as
hydrated PdO, and Rh(OH); (Fig. S6b and c, ESI-VY), respec-
tively. For Pt, only a change in colour of the solution, from
yellow to brown-orange, was noted, when a similar charge was
consumed, as in the experiments with CO,. The colour change
is attributed to reduction of Pt*" to Pt*".3® Furthermore, it has
been reported that the reduction rate of Pt** to Pt° at pH 11 is
reduced by at least one order of magnitude than at pH 7 (i.e., the
reduction of the same amount of Pt** requires 25 min at pH 7
and 60 h at pH 11),** explaining why the precipitation of
metallic Pt was not observed during the experimental time.
Thus, the CO, equilibrium that buffers the pH in the GDEx
process is essential to avoid the formation of Pd and Rh (hydr)
oxides instead of metallic NPs. And, for Pt, whose hydroxy
complexes are soluble in water, to have an optimal pH so that
the reduction to Pt° can take place.

In the second experiment, Ar was flown through the gas
compartment of the reactor and CO, was bubbled into the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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catholyte solution. Under the same polarization conditions,
besides the WWR taking place, the CO, equilibrium in the bulk
electrolyte occurs but not the CRR to CO at the GDE. In this case
the pH of the bulk electrolyte was buffered at ~6 and the
precipitates obtained were also identified as metallic nano-
crystals of the three metals (Fig. S7, ESI-VI{). However, SEM
micrographs evidenced that the individual particles were bigger
and highly dispersed compared to their counterparts made with
the GDEXx process (Fig. S6, ESI-VIt). Under this condition, the
average particle size was 316 &= 243 nm and 264 =+ 130 for Pt and
Pd respectively, while big agglomerates with no defined shape
were found for Rh. CO can strongly chemisorb to the surface of
all PGMs, inhibiting the growth kinetics of the nanoparticles
and controlling their size.'* These results highlight the impor-
tance of the CRR to CO at the GDE for forming small and
monodisperse metallic nanoparticles using the GDEXx process.

Hence, based on the results from the different experimental
conditions, we propose that the formation of PGM NPs in the
GDEx process occurs as schematized in Fig. 2: after polarizing
the GDE, the CO, reduction and water reduction reactions lead
to the formation of H, (1) and CO (2) at the vicinity of the triple
phase boundary of the GDE. H,, reduces the metal ions in
solution and small metal clusters are formed that are constantly
recirculated (3). The interaction of CO with these clusters
prevents their further growth and allows relatively small and
monodisperse nanoparticles to be obtained. In contrast, if CO is
not present the clusters continue to grow to a micrometric scale.
Simultaneously the equilibrium of unreacted CO, (4) in the
catholyte keeps the electrolyte solution at an optimal pH for the
process to take place and avoids the formation of (hydr)oxide
phases.

i diffusion layer
14

p GDE

H,0
OH"
COZ <«——HCO0; «——CO;
5 (ooe)

Fig.2 Schematic representation of the electrochemical reactor of the
gas-diffusion electrocrystallization (GDEx) for the synthesis of PGM
NPS. In GDEX, the H, from the water reduction reaction (WRR) (1), acts
as a reducing agent while CO from the CO, reduction reaction (CRR)
(2) acts as a size controller for the synthesis of elemental nanoparticles
from metal ions in solution (3). The equilibrium of unreacted CO, to
HCO5~ and CO=2~ (4) is crucial to consume the OH~ generated in the
WRR and CRR and interfere with the process.
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In conclusion, we present here a novel method to synthesize
PGM nanoparticles in aqueous systems at room temperature
and at atmospheric pressure, in which the reducing agent (i.e.
H,) and the size controlling agent (i.e., CO) are produced in situ
from the electrochemical reduction of CO, and water in a gas-
diffusion electrode. Besides, this process can still be modified
to optimize the size of the PGM NPs synthesized (i.e., adding
surfactants, stabilizers, and supporting materials). The GDEx
process may also find application in producing elemental
nanoparticles of other noble metals besides PGMs and in the
selective recovery of PGMs from solutions containing other
metals (e.g., leachates from PGMs found in catalytic converters
and fuel cell electrodes), as H, would only reduce noble metals
at room temperature.
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