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Due to an increasing requirement of clean and sustainable hydro-
gen energy economy, it is significant to develop new highly
effective catalysts for electrochemical water splitting. In alkaline
electrolyte, Platinum (Pt) shows a much slower hydrogen evolution
reaction (HER) kinetics relative to acidic condition. Here, we show
a versatile synthetic approach for combining different noble
metals, such as Rhodium (Rh), RhPt and Pt nanoparticles, with
carbon forming noble metal nanoparticles/nanocarbon compo-
sites, denoted as Rh(nP)/nC, RhPt(nP)/nC and Pt(nP)/nC, respect-
ively. It was found that in alkaline media these composites exhibi-
ted higher performance for the HER than the commercial Pt/C. In
particular, Rh(nP)/nC displayed a small overpotential of 44 mV at a

current density of 5 mA cm™2

and a low Tafel slope of 50 mV
dec™. Meanwhile, it also showed a comparable activity for the
oxygen evolution reaction (OER) to the benchmarking catalyst
RuO,. The superior HER and OER performance benefits from the
very small size of nanoparticles and synergy between carbon

support and nanoparticles.

Introduction

Hydrogen has been considered as an ideal energy carrier due
to its high energy density and potentially environmentally
friendly production by the solar assisted splitting of water."
Water electrolysis in alkaline media, which includes the hydro-
gen evolution reaction (HER) at the cathode and the oxygen
evolution reaction (OER) at the anode, is an efficient approach
to generate large volumes of hydrogen.>™ The efficiency of
electrocatalytic water splitting is directly related to the activity
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of the respective catalysts used in both electrochemical half
cells. Noble metal-based materials, such as Pt/C and IrO, (or
RuO,), are used as benchmarking catalysts for the HER and
OER, respectively.” However, the catalytic activity of Pt for the
HER in alkaline electrolyte is about two orders of magnitude
lower than in acidic media.® The OER, which ideally is a four-
electron transfer process involving multiple intermediates,
suffers from issues, such as high overpotential, product distri-
bution, and activity loss over time.” Therefore, it still remains
a challenge to generate catalysts (beyond Pt, Ir and Ru) for
both the HER and OER that can exhibit selectivity, keep stable
over time and can be produced by low cost methods in large
quantities.

In order to reduce the cost for water electrolysis, substantial
effort has been made to develop catalysts like non-noble
metals and non-metallic materials.® However, their catalytic
performance largely falls behind noble metal catalysts.” As a
well-known noble metal, rhodium (Rh) has shown high cata-
Iytic property towards a couple of reactions including CO,
reduction, CO oxidation, N,O decomposition etc.'®™** For
example, Huang et al. reported a route to synthesize a series of
Rh nanocrystals, including tetrahedron, concave tetrahedron
and nanosheet, which showed efficient HER and OER
activity."> Chen et al. explored ultrathin Rh,O; nanosheet
assemblies and used them as OER electrocatalyst."® However,
up to now the study of Rh as noble metal in electrocatalysis
still lags much behind to the its Pt counterpart.

Generally, decreasing the size of metal nanostructures can
increase the ratio of surface area to volume and enhance the
exposure of surface atoms.’”” Chen and his coworkers have
reported many excellent works on electrocatalysis by means of
in situ/operando studies specially for identifying real active
sites.’®?? In one of their works, a series of operando measure-
ments, including in situ X-ray absorption spectroscopy, liquid-
phase transmission electron microscopy, and in situ Raman
spectroscopy, were conducted to unravel in real time the struc-
tural and chemical stability of P-substituted CoSe, electrocata-
lysts under both HER and OER.'® An attractive way to further
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improve the utilization of metal nanostructures is combining
them with appropriate supports that possess both high electri-
cal conductivity and high surface area. Carbon-based supports,
such as carbon nanotubes and nitrogen-doped graphene, have
already been employed to achieve increased surface loading
and better dispersion of metal nanostructures.>**’ For
instance, Guo et al. synthesized well-dispersed Rh nanocrystals
on single-walled carbon nanotubes as a highly effective electro-
catalyst for the HER both in acid and alkaline media.>®

We have recently developed a novel synthetic approach for
the preparation of carbon metal oxide/hydroxide composite
materials using graphenide solutions, charge stabilized gra-
phene layers in solution, directly as reducing agent.*>*° This
approach allows to graft small and size calibrated nano-
particles randomly distributed onto the carbon frameworks by
simultaneously controlling the grafting ratio and the respective
size distribution.*** This control is achieved by the exploita-
tion of the graphenide solution as the reduction agent as the
redox process can take place only in the proximity of the
carbon lattice and because the number of electrons on the
carbon lattice is finite. This modular approach permits the
accessibility of the catalytic centers by simultaneously main-
taining the conductivity of the carbon lattice.

Herein, we utilized the graphitic nano carbon as precur-
sor to generate firstly graphenide solution and secondly noble
metal (Rh and Pt) nanoparticle/nanocarbon composites, Rh
(nP)/nC and Pt(nP)/nC, by the reaction of graphenide solution
with anhydrous RhCl; or PtCl,. Considering that various com-
binations of metals, metal alloys, and metal oxides have been
used to catalyze water splitting,*>*® we also prepared a mixed
sample, RhPt(nP)/nC, by the reaction of graphenide solution
with a mixture of equimolar RhCl; and PtCl,. Electrocatalytic
performance of the prepared materials were investigated for
the OER and HER under alkaline condition. It was found that
Rh(nP)/nC exhibited excellent OER activity with a low overpo-
tential of 333 mV at a current density of 5 mA em™>, which is
comparable to that of RuO,. Meanwhile, all the three materials
showed better HER property than commercial Pt/C. In order to
achieve a current density of 5 mA cm™> for Rh(nP)/nC towards
the HER, an overpotential of 44 mV was observed and a Tafel
slope of about 50 mV dec™" was achieved. The superior cata-
lytic performances might be traced back to the small particle
size and the synergy of the two nanomaterials.

33,34

Characterization

As shown in Scheme 1, the synthesis of noble metal Rh and Pt
nanoparticles/nanocarbon composites, denoted as Rh(nP)/nC,
Pt(nP)/nC and RhPt(nP)/nC, respectively, involves the
reduction of the synthetic, sustainable and almost defect free
graphitic nano carbons by metallic potassium, followed by the
dissolution to graphenide solution in absolute THF and reac-
tion with equimolar amounts of anhydrous PtCl, and/or RhCl;
salts. The achieved materials combined highly conductive
carbon support with active metal nanoparticles and they were
expected to display efficient performance for the OER and
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Scheme 1 Reaction scheme of the synthesis of metal nanoparticles/
nanocarbon composite materials. The respective steps are: (a) intercala-
tion of carbon material with potassium metal (stoichiometry KCg); (b)
dissolution and isolation of the graphenide solution in THF; (c) reaction
with respective metal chlorides forming the final composites. The lower
left scheme shows the combination between carbon support and nano-
particles, which may boost the exposure of active sites and the conduc-
tivity within the electrode for electrocatalysis of the OER and HER.

HER because of the synergy between carbon support and
nanoparticles. Similar approaches have been utilized on tran-
sition metals (e.g. Cu, Fe, Mn, Ni and Co) and in all cases the
formation of metal oxide/hydroxide nanoparticles grafted on
the carbon sheets were observed.’** It was argued that the
reduction generates in a first step metallic nanoparticles on
the carbon framework that are oxidized during the work up-
step due to the high oxophilicity of the transition metals. The
electron transfer can occur only in close proximity of the
carbon lattice because the charged carbon layers are the only
reduction agent present. Presumably, the formation of the
metallic nanoparticles is occurring due to a sequence of single
electron transfer (SET) processes as argued for related reac-
tions.>” By XRD measurements (CuKo, see Fig. 1a) this
mechanistic interpretation can be corroborated because the
obtained patterns for the Pt(nP)/nC and the RhPt(nP)/nC show

— rbon (nC) 100
A [ o b)
PtRh(nP)InC
~ ——POPYNC s
S5 carbon S
K3 7
> 2
Z ﬁ 50
S 173
g &
= £
25 { ——nano carbon (nC)
——Rh(nP)ynC T
—— RhP{(nP)/nC
0 ——Pt(nP)nC
10 15 20 25 30 35 40 45 200 400 600 800
26 (degree) temperature (°C)
Fig. 1 (a) XRD patterns (CuKa) of the three composite materials Rh(nP)/

nC (blue trace), PtRh(nP)/nC (orange trace), and Pt(nP)/nC (green trace)
in comparison to the carbon starting material (nC, black trace). (b)
Thermogravimetric analysis (TGA) of the three composite materials and
the starting carbon material between 50-800 °C under synthetic air
(80% N, 20% O,) with a heating ramp of 10 °C min~%.
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broad peaks at 26.1°, 39.9° and 46.5° that can be attributed to
the (002) pattern of the carbon material and the (111) and
(200) patterns of metallic nanoparticles. In the case of the Rh
(nP)/nC, only the peak at 26.1° is visible. The presence of the
metallic nature of nanoparticles in the samples Pt(nP)/nC and
RhPt(nP)/nC have been further corroborated by XPS measure-
ments (see Fig. S11) as in both samples the peaks for metallic
platinum are clearly visible with only a minor contribution of
oxidized species. In contrast, for the Rh(nP)/nC composite,
peaks for Rh(m) are visible that can be attributed to Rh,0;
with a minor content of metallic rhodium. This observation
may be explained by the less noble character of the rhodium
metal and the oxidation of the rhodium metal to the respective
oxide in the work-up step.

The metal contents of the samples were determined by TGA
measurements (see Fig. 1b) and remaining mass of 27.2% for
the Pt(nP)/nC composite material, 26.9% for the Rh(nP)/nC
and 22.1% for the RhPt(nP)/nC could be found. The notable
shift of the combustion temperature of the carbon framework
to significantly lower temperatures can be traced back to the
accessibility and the catalytic effect of the metallic nano-
particles. This observation is in line with soot combustion
research performed for optimizing diesel engines.’® The
respective atomic percentage (at%) of the noble metals in the
different composites, taking into account the oxide nature for
the Rh case, exhibit values between 2.1 and 2.3 at% and was
corroborated by XPS analysis. The presence of oxidized species
in the Rh(nP)/nC composite was further studied by measuring
XRD patterns of the residue materials after the TGA measure-
ments and in case of the Pt(nP)/nC sample peaks for metallic
Pt were observed whereas for the Rh(nP)/nC peaks that can be
attributed to Rh,O; have been found (see Fig. S2t). A slight
shift between the XRD patterns of Pt(nP)/nC and RhPt(nP)/nC
can be seen in Fig. 1a, and is even more apparent in the
enlarged diffractograms of Fig S31 of the composites and their
respective residue materials (Fig. S31). This shift has been
observed in EXAFS studies of RhPt nanoalloys,® and was
explained by a compressing of the metallic lattice due to the
simultaneous presence of Rh and Pt atoms in the same
nanoparticle.

By means of HR-STEM/EDX mappings (Fig. S4 and S57) it
can be seen that the respective metal is present and is detect-
able only finely distributed on the carbon framework. This
may be related to the grafting process of the nanoparticles that
is occurring on the carbon framework during the synthesis.
The distribution of the nanoparticles was studied in more
detail by HR-TEM analysis and it can be seen that the nano-
particles are randomly and finely dispersed on the carbon
framework (Fig. S61). The nanoparticles are crystalline and the
metallic nature in case of the Pt(nP)/nC can be once more
observed in the diffraction pattern of the nanoparticles
(Fig. S77). The size distribution of the nanoparticles is in the
range between 2 and 3 nm and was found to be 2.3 nm for the
Rh(nP)/nC composite and 2.6 nm for the Pt(nP)/nC based on
the analysis of about 20 HR-TEM images for each sample

(Fig. S87).

This journal is © The Royal Society of Chemistry 2020
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Electrochemical measurement

All the electrochemical measurement was performed with a
SP-300 bipotentiostat (Biologic Instruments) workstation,
using a three-electrode system composed of a saturated
calomel electrode (SCE) as reference electrode, a Pt wire as
counter electrode and a catalyst-modified glassy carbon elec-
trode (GCE, 3 mm in diameter, geometric surface area
0.071 cm?) as working electrode. The obtained materials were
dispersed in a mixed solvent of dimethylformamide (DMF)
and 5% Nafion (v/v = 950/50) under sonication at least half an
hour. Then, 30 microliters of the dispersion with a concen-
tration of 1 mg mL™" were drop cast onto a polished GCE
surface and dried in air. Commercial RuO, and Pt/C (20 wt%)
were used as references for the OER and HER catalysis, and
were dispersed in the same way. The electrocatalytic perform-
ance was evaluated in Ar-saturated 0.1 M KOH solution.

The gas phase quantification was carried out by coupling a
Gas Chromatograph (GC) with an electrochemical cell. The gas
phase quantification was carried out during the electrolysis of
least 1 hour at cathodic potentials, with sampling every
15 minutes. faradaic Efficiency (FE) for the HER was quanti-
fied following the procedure previously described by
Baltrusaitis et al:*° FE (%) = nF¢Fy/I, where n is the number
of electrons needed for HER, thus 2; F is the Faraday constant;
¢ is the volume fraction of the gas; I is the current and F,, is
the molar Ar gas flow rate.

Results and discussion

The electrocatalytic activity of Rh(nP)/nC, RhPt(nP)/nC and Pt
(nP)/nC for the OER was tested in Ar-saturated 0.1 M KOH
solution. The LSV polarization curves in Fig. 2a showed that it
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Fig. 2 Electrocatalytic performance for the OER in 0.1 M KOH solution.
(a) LSV polarization curves of commercial RuO,, Rh(nP)/nC, RhPt(nP)/nC
and Pt(nP)/nC at a scan rate of 5 mV s (b) Corresponding Tafel plots.
(c) Representative 200 seconds potential steps of Rh(nP)/nC at overpo-
tentials of 0.318 V, 0336 V and 0.354 V, respectively. (d)
Chronopotentiometry curves recorded at a current density of 2 mA
cm™2. The potentials were corrected for iR drop and calibrated to RHE.
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followed an order of Pt(nP)/nC < RhPt(nP)/nC < Rh(nP)/nC. In
detail, to achieve a current density of 5 mA cm™2, Rh(nP)/nC
needed an overpotential of 333 mV, quite similar to that of
commercial RuO,, which was 328 mV. However, for RhPt(nP)/
nC and Pt(nP)/nC, much larger overpotentials were required,
414 mV and 555 mV, respectively. As shown in Fig. 2b, the
Tafel slopes of commercial RuO,, Rh(nP)/nC, RhPt(nP)/nC and
Pt(nP)/nC were 72, 123, 95 and 152 mV dec™'. An anodic peak
at around 1.4 V (vs. RHE) of Rh(nP)/nC LSV polarization curve
might be attributed to an oxidation process of Rh®" to Rh**
before oxygen evolution.*!

Meanwhile, the electrochemical surface areas (ECSAs) were
measured by means of CV in 0.1 M KOH solution as shown in
Fig. S9.f By integrating the hydrogen underpotential depo-
sition regions, the ECSAs of Rh(nP)/nC, RhPt(nP)/nC and Pt
(nP)/nC were calculated to be 7.7, 17.5 and 22.2 m*> g7},
respectively, while the commercial Pt/C (20%) showed a value
of 42.8 m* g~

Meanwhile, a sequence of potential steps (200 seconds for
each) under different overpotentials were carried out in order
to achieve TOF for the OER (see Fig. 2¢). Based on the charges
transferred during potential steps, the TOF values of Rh(nP)/
nC were 0.013 s, 0.019 s~ and 0.026 s at overpotentials of
318 mV, 336 mV and 354 mV, respectively, as shown in
Fig. S10.7 Here, we assumed that every single metal atom was
catalytically active for the OER. Thus, the observed values are
the lower limits of TOF, because likely not all particles are
accessible. When compared with literatures, Rh(nP)/nC
showed a high level of TOF. For example, at an overpotential of
350 mV, it is 2.5 times larger than that of the commercial
RuO, (see Fig. S117).

Besides, the durability of RuO,, Rh(nP)/nC, RhPt(nP)/nC
and Pt(nP)/nC for the OER was investigated by conducting
chronopotentiometry measurement at a current density of
2 mA cm ™ as shown in Fig. 2d. After 2000 seconds only slight
increase of potentials was observed indicating that the pre-
pared nanocomposites were quite stable for the catalytic OER
in alkaline media. This interpretation can be corroborated by
SEM/EDX measurements of the surfaces before and after elec-
trolysis, where the rhodium atomic content seems unchanged.
Although the surface gets rougher and porous pointing
towards limits in the preparation technique of the electrodes
(Fig. S127), the CV curves of Rh(nP)/nC before and after the
OER durability test (Fig. S137) did not change much, which
means that the value of the ECSA of Rh(nP)/nC remained
almost constant during catalysis. This confirmed that Rh(nP)/
nC is stable for the OER in alkaline media. We compared the
OER performance of Rh(nP)/nC in alkaline medium with pre-
vious works and it showed that Rh(nP)/nC displayed relatively
lower overpotential at a current density of 10 mA cm™> (see
Table ST27).

On the other side, the electrocatalytic activity of Rh(nP)/nC,
RhPt(nP)/nC and Pt(nP)/nC for the HER was evaluated in Ar-
saturated 0.1 M KOH solution. The HER polarization curves
were recorded at a scan rate of 5 mV s~'. As shown in Fig. 3a,
at a current density of 2 mA cm™2, overpotentials of the Rh
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Fig. 3 HER performance of Rh(nP)/nC, RhPt(nP)/nC, Pt(nP)/nC and
commercial Pt/C in 0.1 M KOH solution. (a) LSV polarization curves at a
scan rate 5 mV s™%. (b) Corresponding Tafel plots. The potentials were
corrected for iR drop and calibrated to RHE.

(nP)/nC, RhPt(nP)/nC and Pt(nP)/nC are 44, 48 and 82 mV,
respectively, better than commercial Pt/C with a higher overpo-
tential of 90 mvV, though in acidic media commercial Pt/C
behaves better than Rh(nP)/nC (see Fig. S147). The good per-
formance of all here discussed composite materials can be
traced back to the small size of the nanoparticles and the large
amount of edges, shown to be beneficial for electrocatalytic
performances.*> Noteworthy is the increased performance of
the RhPt(nP)/nC over its Pt(nP)/nC counterpart for the HER.
We attribute this fact to the nanoalloy structure of RhPt(nP)/
nC.

In order to study the HER reaction kinetics, Tafel slopes
were calculated based on LSV polarization curves. We can see
from Fig. 3b that Rh(nP)/nC, RhPt(nP)/nC and Pt(nP)/nC dis-
played low Tafel slopes, which were 50, 52 and 84 mV dec™,
respectively, while that of commercial Pt/C was 88 mV dec™". It
is known that lower Tafel slope means more rapid raise of
product generation as overpotential increases. Therefore, the
prepared carbon supported noble nanoparticles are supposed
to have faster reaction kinetics than commercial Pt/C for the
HER. Finally, faradaic Efficiency (FE) for the HER was quanti-
fied following the procedure previously described.”* After one
hour of electrolysis, both electrocatalysts of Rh(nP)/nC and Pt
(nP)/nC reached the 100% of FE.

We have physically mixed Rh(nP)/nC and Pt(nP)/nC with a
ratio of 1:1 and investigated its electrocatalytic performances
for the OER and HER. As can be seen from Fig. S15,1 Rh-Pt
mixture showed lower current densities at same overpotentials
and larger Tafel slopes than the prepared RhPt(nP)/nC. This in
some way confirmed that there might be a combination
between Rh and Pt inside RhPt(nP)/nC sample, which contrib-
utes to its superior activities. When comparing the HER
activity of Rh(nP)/nC with other reported catalysts
(Table ST3f), we can see that Rh(nP)/nC is more efficient
among them considering its low overpotential and Tafel slope.
For practical use, a two-electrode electrolyzer using Rh(nP)/nC
(loaded on two glassy carbon electrodes) as both anode and
cathode was built for water splitting in 0.1 M KOH. As shown
in Fig. S16,f a voltage of 1.68 V for Rh(nP)/nC||Rh(nP)/nC
couple was required to achieve a current density of 10 mA
em™?, which corresponded to the potential difference between
the HER and OER needed in the half cells when using Rh(nP)/
nC as catalysts.

This journal is © The Royal Society of Chemistry 2020
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Conclusions

In summary, well-dispersed noble metal nanoparticles (Rh
and Pt) and mixed metal nanoparticles (RhPt) with an average
size of about 2.5 nm on carbon were synthesized. Their cata-
lytic activity for the HER and OER was investigated in alkaline
media. It was found that all the prepared nanocomposites dis-
played superior HER performance than commercial Pt/C. Our
results emphasis that the Rh(nP)/nC displays the lowest over-
potential and smallest Tafel slope, and thus it is an excellent
catalyst for this reaction. Furthermore, Rh(nP)/nC also exhibi-
ted a comparable activity for the OER to the commercial RuO,,
which is one of the best catalytic materials known for this reac-
tion. The superior performance of this catalyst can also be pre-
served when the active materials are mixed, either chemically
or physically, with the respective platinum analogue. This is an
important asset in a commercial context.

The effective catalytic HER and OER performance can be
attributed to a good combination between carbon support and
nanoparticles The obtained carbon supported noble nano-
particles are excellent and promising electrocatalysts for alka-
line water splitting, and further improvements on the prepa-
ration of the electrode will allow to exploit the full potential of
these catalysts.
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