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The development of organic-inorganic hybrid materials for redox catalysis is key to access new energy conversion schemes

and the sustainable production of dihydrogen. Here on, bare and P-doped graphene arising from the pyrolysis of biomass

(alginate from marine algae), have been used as a support for the growth and stabilization of ultra-small Ru/RuO, NPs

through organometallic synthesis. P-doped graphene allows obtaining smaller and better dispersed NPs in hybrid electrodes

of lower roughness and electroactive surface area. Electrochemical activation of the as-synthesised supported nanoparticles

by reduction of the passivating RuO: layer generates excellent HER electrocatalysts under acidic conditions (n1o of 29 mv

and 15 mV for the bare and P-doped electrodes, respectively). P doping, identified as surface phosphates by 3!P solid state

NMR, induces improvement of all HER benchmarking parameters studied, including overpotential and exchange and specific

current densities. All studied materials show excellent long-term stability and selectivity for hydrogen generation with no

sign of deactivation after 12 h under turnover conditions and almost quantitative Faradaic efficiencies.

Introduction

The still massive consumption of fossil fuels triggers global
warming through greenhouse gas (GHG) emissions and
threatens both our lifestyle and the sustainability of our planet.?
Thus, the development of renewable carbon-neutral fuels has
become urgent and one of the pivotal societal challenges in the
21st century. In this regard, the renewable production of H;
through water splitting (WS, H,O = H, + %0,) triggered by
renewable energy sources (e.g. renewable electricity from
sunlight or wind) is an appealing and clean alternative to steam
reforming methods, which rely on fossil fuels and are intensive
GHG emitters.2 However, both WS half reactions, namely
hydrogen and oxygen evolution reactions (HER and OER,
respectively), occur through large activation energy barriers
and, therefore, at high overpotentials. Thus, the development
of highly active, sustainable and durable electrocatalysts, able
to accelerate these reactions and lower the required
overpotentials, is still a key challenge at the core of clean H,
production from water.
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Nanoparticles (NPs), with a high surface-to-volume ratio and
tuneable surface properties, are interesting systems in
(electro)catalysis and WS. In this respect, we have recently
shown how the bottom-up synthesis of Ru NPs through the
organometallic approach under mild conditions3* allows
obtaining ultra-small NPs with narrow size-distributions and
controllable surface environments, which have a strong impact
in their catalytic performance in both the HER>®7 and the
OER.89

The immobilization of NPs onto electrodes such as highly
conductive carbon-based materials or oxides/metal oxides is a
common way to improve (a) their long-term stability,
preventing their agglomeration and sintering under catalytic
conditions, and (b) their electron-transfer rates in practical
electrodes. In this context, carbon-based (nano)materials (i.e.
graphene) have shown to be excellent choices due to their high
electrical conductivity and long-term stability together with a
versatile morphology and rich surface chemistry.1° Heteroatom-
doping (i.,e. N, S, P, O, etc.) of these carbon-based
(nano)materials proved to be a powerful strategy not only to
tune the physicochemical properties of the conductive supports
themselves (i.e. electrical conductivity of the C-based
nanomaterials) but also to influence the properties and affinity
of the nanoparticles deposited at their surface.116 The presence
of doping heteroatoms thus influences either the activity,
selectivity and long-term stability of the resulting hybrid
electrocatalysts, and represents an interesting strategy to fine-
tune their overall performance.1?

With far higher surface area and charge carrier mobility than
related graphitic materials,’3 graphene has emerged in recent
years as a paradigmatic 2D carbon-support in electrocatalysis.
However, practical application of graphene-based hybrid
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electrocatalysts relies on the development of scalable and
sustainable methods to produce this carbon-nanomaterial. In
this regard, graphene production through biomass
carbonization, a waste-treatment technology, is an attractive
method to reduce electrode costs and increase the
sustainability of electrode production.14

Herein, we report the preparation of hybrid nanomaterials via
the growth of ultra-small Ru NPs through organometallic
synthesis on bare/P-doped graphene supports obtained from
biomass (alginate from marine algae), and their evaluation as
HER electrocatalysts under acidic conditions.

Results and Discussion

Synthesis and Characterization.

Biomass-derived bare and P-doped graphene supports (G and
P-G, respectively) where prepared by pyrolysis of alginate and
phosphate-modified alginate at 900 °C, respectively, following
reported methods.11® Decomposition of the [Ru(COD)(COT)]
(COD: cyclooctadiene and COT: cyclooctatriene) organometallic
precursor under mild conditions (3 bar Hy, r.t, 20 h) in the
presence of G or P-G supports, previously ultrasonicated in THF,
yielded the graphene-supported Ru NPs (Ru/G and Ru/P-G)
(Figure 1, top).17.18

After an optimized digestion process (see Experimental
Section), inductively coupled plasma atomic emission
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spectroscopy (ICP-AES) analysis showed a metal content of 2.6
wt.% and 3.3 wt.% for Ru/G and Ru/P-G, respectively.

The two samples where then analysed by transition electron
microscopy (TEM). As shown in Figure la-c, Ru/P-G revealed
spherical, well distributed and monodispersed NPs with a mean
diameter of 1.5 + 0.3 nm. In contrast, the use of non-doped
graphene (G) as a support yielded slightly larger (1.9 + 0.6 nm)
and more aggregated NPs (Figure 1, d-f). The difference in size
and dispersion suggests that phosphorous atoms present in the
P-doped graphene facilitate the formation and stabilization of
smaller Ru NPs, as previously observed in similar N-doped
graphene systems.17.18 Figures 1 and S1 (see ESIT) also allow to
infer the different exfoliation degree of the two supports (G and
P-G). The presence of phosphate and sodium ions during the
preparation of P-G seems to facilitate the separation of the
carbon sheets, yielding a more exfoliated graphene support.
The lower roughness of the P-G material (vs. G) has been later
corroborated by electrochemical measurements (ECSA and RF,
see Table 1 below).

High-resolution TEM (HRTEM) images and electron diffraction
patterns confirmed the crystallinity of the Ru NPs in both Ru/G and
Ru/P-G. From HRTEM micrograph of Ru/P-G, measurement of
interplanar distances (see ESIt, Figure S2a) provided values of 0.21
and 0.23 nm, in agreement with the (002), (100) and (100) atomic
planes of the hexagonal compact crystalline (hcp) structure of bulk
ruthenium.

Number of NPs

15
Size (nm)

1.9 (0.6) nm

12 16 20 32

Size (nm)

24 28

Figure 1. Top: Synthesis of Ru/G and Ru/P-G following the organometallic approach. Bottom: TEM images and size distribution

histograms of Ru/P-G (a-c) and Ru/G (d-f).
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Raman spectroscopy was used to analyse and study the properties of
graphene materials, both starting supports, as well as Ru/G and
Ru/P-G catalysts. In all samples, two bands at ca. 1360 cm™* (band D)
and ca. 1600 cm! (band G) were observed, together with a broad
peak centred at ca. 3000 cm? (band 2D’), which is related to a high
exfoliation degree (see ESIT, Figures S3 and S4). The ratio of
intensities of D and G bands (lp/lg) is a key parameter to determine
the percentage of defects on graphene supports, which are excellent
anchoring points for metal NPs, improving their stabilization.1® As
shown on Figures S3a and S4a), P-G presents a higher Ip/lg ratio than
G (2.39 for G and 2.81 for P-G), thus indicating the presence of more
defect sites on the P-doped support. Moreover, the incorporation of
Ru NPs on graphene supports led to a slight decrease in the two Ip/lg
ratios, indicating a higher sp?2 domain due to the growth of Ru NPs
over the defects (see ESIt, Figure S3b and S4b).20

X-ray photoelectron spectroscopy (XPS) analysis was performed on
both graphene supports (G and P-G) and obtained hybrid
nanomaterials (Ru/G and Ru/P-G) to determine the chemical
composition and the nature of the C, P and Ru species present
(Figures 2 and S5). The C 1s signals of G and P-G appear as broad
bands at binding energy (BE) of 284.5 eV, which can be deconvoluted
in three components (see ESIT, Figure S5a-b). The main peak at 284.5
eV (orange) is assigned to the carbon atoms of graphitic layers (sp?).
The peak at ca. 286.4-286.2 eV (green) is attributed to carbon atoms
bonded to P and those present in epoxides or tertiary alcohols. The
last peak centred at ca. 288.9-288.6 eV (blue) corresponds to
carboxylic groups.2! Similarly, the P 2p signal of P-G is the result of
the convolution of two components (see ESIT, Figure S5c), a major
peak at 132.9 eV corresponding to P atoms bonded to oxygen (blue
curve), and a lower intensity one at 131.8 eV (green curve), for P-C
bonds. These peaks were previously identified in similar P-doped
graphenes?> and fit well with the results obtained by FT-IR, where the
characteristic P-O/P=0 stretching band is observed at ca. 1160-1252
cm-t for this support (see ESIT, Figure S6). In addition, the stretching
vibration associated to aromatic C=C bonds from the graphene sheet
appears at ca. 1600 cm1. Analysis of the P 2p signal allowed us to
determine the P content in the doped support P-G, namely 1.15 at.%.

Since the overlapping between the Ru 3d and C 1s signals makes
difficult their deconvolution and interpretation, the different
oxidation states of Ru in Ru/P-G and Ru/G were identified upon
analysing the Ru 3p region. Figure 2a displays the Ru 3ps; signal of
the as-synthesized Ru/G, at a BE of 462.9 eV. The deconvolution of
this signal reveals two contributions, a major one at 464.2 eV,
attributed to Ru" and characteristic of RuO,, and a secondary one at
462.7 eV corresponding to Ru®. The as-synthesized Ru/G surface
approximately contains 64 % of Ru"v and 36 % of RuC. Similarly, the
Ru 3psyz signal of Ru/P-G (Figure 2b) presents a peak of BE at 463.5
eV, also containing two contributions, at 464.5 eV (RuO;) and 462.8
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eV (Ru). The surface of the as-synthesized Ru/P-G contains ca. 65 %
of Ru(lV) and 35% of RuC.

Ru/G
a) 462.9 eV b)

Ru/P-G
463.5eV

RuO,
(464.2 eV)

=

o ALY me o o B e o B B
475 470 465 460 455 475 470 465 460 455
Binding Energy (eV) Binding Energy (eV)

Figure 2. XPS signal of the Ru 3p band of as-synthesized Ru/G (a) and

Ru/P-G (b).

31P solid state NMR confirmed the presence of the dopant atoms in
the P-doped graphene material and allowed to determine their
chemical nature. 3P MAS NMR spectra of both P-G and Ru/P-G
display a broad peak between 10 and -40 ppm (see ESIT, Figure S7),
as the result of the overlapped signals of phosphonate (7 to 10
ppm),22 phosphate (ca. 0 ppm),22 methaphosphate (-3 to -7 ppm),23
elemental phosphorous (-14 to -17 ppm)?3 and/or polyphosphate
(-22 ppm).2* Elemental phosphorous comes from the reduction of
the phosphate by carbon at high temperature during the pyrolysis of
the P-doped graphene.2? The presence of metaphosphate and
polyphosphate groups could derive from the condensation of
Na,HPO,; at 900 °C.23Error! Bookmark not defined. Thys, most P-O bonds
observed by XPS are due to phosphate-like structures.

Electrocatalytic performance in the HER.

The HER performance of Ru/G and Ru/P-G was evaluated in 1 M
H,S0,4 aqueous solution after their dispersion in THF (2 mg/mL) and
drop-casting onto a glassy carbon rotating disk electrode (GC-RDE).
A three-electrode configuration was used being the drop-casted GC-
RDE the working electrode, SCE (saturated calomel electrode, KCl
sat.) and a Pt wire the reference (RE) and counter (CE) electrodes,
respectively. The polarization curves of Ru/G and Ru/P-G at t=0's are
shown in Figure 3 (bold lines). A change in the current density is
observed when scanning towards reductive potentials, which is
attributed to their catalytic activity to reduce protons to H,.

The catalytic performance was significantly improved after a current-
controlled bulk electrolysis at j = -10 mA/cm? for ca. 12-20 h (Figure
3a, dashed lines). As presented in Figure 3 and Table 1, whereas Ru/G
and Ru/P-G show a nio of 233 mV and 243 mV, respectively, a shift
on the polarization curves is observed after the reductive process,
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improving the nio to 29 mV and 15 mV, respectively. This behaviour
is attributed to a change in the oxidation state of surface Ru atoms
of the NPs: the partially oxidized surface of the as-synthesized NPs
(see XPS analysis, Figure 2) is reduced to metallic Ru when submitted
to a reductive treatment. The reduced species Ru/G-r and Ru/P-G-r
are more active in HER than their as-synthesised counterparts Ru/G
and Ru/P-G, displaying higher current densities and lower
overpotentials. We previously reported a deep study of the proposed
RuO,/Ru interconversion with 4-phenylpyridne stabilized RuNPs,5
confirming by XPS a total disappearance of the RuO, peak under
reductive catalytic conditions.

a) o4 b) 3507y - 14591x + 87.88
y=128.48x + 114.37
-204 300 -

-401 250

' __ 200
5 -80] E
< - - ~ 150
£ 100 " -0.2 0.0 0.2 S y = 48.05x - 19.10
~- b '
= i P-G blank y = 48.79x - 33.99
th Ru/P-G 100
4120 o L
" === Ru/P-G-r -~
i ——G blank 50 L
1 1 .
-140 " RU/G e et
L] - -
'y === Ru/G-r et e
-160 AR T T d 0 T T d
04 -02 00 02 04 06 0.0 0.5 1.0 1.5 20
o 2
E (V) vs. RHE log |j| (mA/em®)

Figure 3. a) Polarization curves of Ru/G (grey line), Ru/P-G (red line)
before (bold) and after (dashed) a reductive process at j = -10
mA/cm2in 1 M H,S0s. G (wine line), P-G (black line) blanks are also
shown. b) Tafel plots of Ru/G, Ru/G-r, Ru/P-G and Ru/P-G-r in 1 M
H,S0,. Same colour code as in (a).

The difference in nature and in catalytic performance between as-
synthesised samples and their reduced analogous was also
evidenced through the Tafel plots (Fig. 3b), obtaining improved
overall kinetics with the reduced systems. The Tafel slope (b) allows
defining the rate determining step (rds) of the catalytic reaction.
Both Ru/G and Ru/P-G show a Tafel slope close to 120 mV, a
consistent value with the Volmer step as rds (adsorption of H* to
form the M-H species on the NPs, typically b = 120 mV/dec). In
contrast, Ru/G-r and Ru/P-G-r show a Tafel slope of 48 mV/dec and
49 mV/dec, respectively, suggesting that the HER follows the Volmer-
Heyrovsky mechanism with the Heyrovsky step (H, electro-
desorption with a proton from the solution, b = 40 mV/dec) as the
slowest path in the HER process.

The electrocatalytic performance of all the systems has been then
compared by following the benchmarking methodology reported by
Jaramillo et al.?> First, the double-layer capacitance (Cp) was
estimated from the capacitive current in a non-Faradaic region using
Eg. 1 shown below. Then, the electrochemically active surface area
(ECSA) and roughness factor (RF) of all electrodes and supports were
calculated from the obtained Cp. (see ESIT, Figures S8 and S9)
according to equations 2 and 3.

i= VCDL Eq. 1
ECSA [cm?] = % Eq. 2
RF = g Eq.3

The ECSA value allows calculating the specific current density (js) of
the electrodes, which is the current density per “real” electroactive

4| J. Name., 2012, 00, 1-3

area at a given overpotential. Thus, the current density, js,
normalized per ECSA at n=-100 mV, has been calculated for all the
Ru materials before and after the reductive treatment/activation, as
well as for the bare supports (i.e. G and P-G). The obtained results
are summarized in Table 1. Regarding the bare supports, ECSA and
RF data support the higher roughness of the non-doped support G
(RF of 279.43 for G vs. 51.76 for P-G) already observed by TEM (see
ESIT, Figure S1). Introduction of Ru NPs onto the carbon supports
slightly increases the RF values in both cases (Table 1, entries 2 and
6). Activation of the hybrid electrodes Ru/G and Ru/P-G under
reductive conditions (current-controlled bulk electrolysis at j = -10
mA/cm? for ca. 12-20 hours) substantially increases the ECSA and RF
values of both electrodes (compare entries 2 & 3 and 5 & 6). This
increment may arise from surface changes in both the carbon
supports and the Ru NPs (reduction process from Ru(IV) to Ru®). The
activated P-doped electrode, Ru/P-G-r, shows the highest HER
activity among the tested electrodes (entry 6), with a very low nio of
15 mV, the highest exchange current density (jo) and a specific
current density 5 times higher than that of its non-doped counterpart
Ru/G-r. For comparison purposes, the most relevant HER
benchmarking parameters for the hybrid electrocatalysts developed
in this work are collected in Table S1 (see ESIT) together with those
of reported graphene-supported Ru-based systems and metal-free
graphene-based materials. As can be inferred from the collected
data, Ru/G-r and Ru/P-G-r show way higher HER performance than
bare graphene-based electrodes and lay among the three state-of-
the-art Ru-based systems.

Long-term stability is, together with kinetics, a key parameter for a
catalyst to be potentially relevant in the HER. Thus, in a current
controlled experiment (i.e. chronopotentiometry), Ru/G-r and Ru/P-
G-r electrodes were hold at a constant current density of j = -10
mA/cm? for 12 h while monitoring the change in the required
overpotential. Both systems showed almost no change for nip and
almost identical LSV polarization curves before and after 12h under
catalytic turnover (Figure 4).

a) 300- 0 b) 200- 0
20 20
2501 40 -40
& -60 1504 ¢ 60
5 S 80
2004 S -80 32
B £-100
—~ £-100 —~ £
E 1504 ~120 E 100] 120
< 140 =—RU/G-T (t=12 h) = 140 —RU/P-Gr (t=12 h)
2 Ru/G-r 2 160 Ru/P-G-r
& 1004 T oo o1 02 = TT03 02 01 00 01 02
E (V) vs. RHE 50 E (V) vs. RHE

507/
0o 2 4 6 8 10 12 0 2 4 6 8 10 12
t(h) t(h)

Figure 4. LSV of Ru/G-r (a) and Ru/P-G-r (b) before (dashed lines) and
after (solid lines) a 12 h chronopotentiometry experiment ataj =-10
mA/cm2.26

Finally, a Faradaic efficiency of 97-98% was determined by
quantifying the H, evolved by the systems during a 20 min
chronoamperometry using a Hx-Clark electrode and comparing with
the maximum theoretical amount of H, calculated from the total
charge passed through each respective electrode (Figure 5). This
result confirms the production of H; as the sole reaction taking place.
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Table 1. Summary of physico-chemical and HER electrocatalytic data (1 M H,SO.) for the hybrid electrodes studied in this work.

Tafel . lis]
2 Ru N1o Jo ECSA RF
Entry Electrode o Slope (b) 5 5 (n =100 mv)
(nm) (wt.%) (mV) (mA/cm?) (cm?)
(mV/dec) (mA/cm?)
1 G 19.6 279.4
2 Ru/G 1.9+0.6 2.6 233 146 0.25 27.6 393.9 0.005
3 Ru/G-r = = 29 48 2.50 41.9 598.9 0.184
4 P-G 3.6 51.8
5 Ru/P-G 1.5+0.3 3.3 243 128 0.13 4.6 66.1 0.032
6 Ru/P-G-r - - 15 49 4.97 21.4 305.1 0.883
2 by excellent HER electrocatalysts under acidic conditions (nio of 29
301 RuiG 40] RUIP-C mV and 15 mV for the bare and P-doped electrodes,
» %0 respectively). P doping, identified as surface phosphates by 3!P
5 2 s S 7 e~ 98% solid state NMR, induces a general improvement of all HER
i’w ' i& 20 benchmarking parameters determined, including overpotential
10
= et g S o] Detectd . Gl (n10) and exchange (jo) and specific (js) current densities. All
. - - - Theoretical H, (20-min CP) -~ - Theoretical H, (20-min CP) studied systems show excellent long-term stability and
s 10 1520 5 10 1520 selectivity for hydrogen generation with no sign of deactivation
t (min) t(min)

Figure 5. Hy-monitored current-controlled bulk electrolysis of Ru/G
(a) and Ru/P-G (b) in 1 M H,SO4. The produced H, was quantified in
the gas phase using a Clark-type electrode.

The fate of the hybrid electrodes under turnover conditions has been
studied by TEM after performing a 2-h CP to each system (j = -10
mA/cm?). Each material was recovered from the electrode by
sonication in THF and drop-casted onto a TEM grid. Interestingly, the
presence of small NPs onto the graphene supports is still visible (see
ESIT, Figures S10 and S11). Moreover, the reductive potential applied
for 2 h did not change significantly the size and morphology of the Ru
NPs. In order to verify the nature of the NPs on-top of the graphene
supports, EDX analysis of Ru/P-G has been performed after 2 h under
catalytic conditions (see ESIt, Figure S12). The results confirm the
presence of Ru in the sample, therefore corroborating the TEM data,
and highlight the stability of the supported Ru NPs after short-term
catalytic turnover.

Conclusions

Bare and P-doped graphenes arising from the pyrolysis of
biomass (alginate from marine algae) were used as a support for
the growth and stabilization of ultra-small Ru/RuO; NPs through
organometallic synthesis. Compared to bare counterpart, P-
doped graphene allowed obtaining smaller and better dispersed
NPs in hybrid electrodes of lower roughness and electroactive
surface area. Electrochemical activation of the supported
nanocatalysts by reduction of the passivating RuO; layer, offers

after 12 h under turnover conditions and quasi quantitative
Faradaic efficiencies. Altogether, this work evidences how the
combination of an efficient nanocatalyst synthesis method with
the doping of graphene supports provides performant hybrid
electrodes for the production of hydrogen.

Experimental Section

General procedures and starting materials

Most of chemical operations were carried out using standard
Schlenk tubes, Fischer—Porter bottle techniques under nitrogen
atmosphere or in a glovebox under nitrogen atmosphere.
Tetrahydrofuran (THF) was purified before use by distillation
under argon atmosphere through filtration in the column of a
solvent purification system (SPS). The organometallic precursor,
[Ru(COD)(COT)], was purchased from Nanomeps (Toulouse),
and alginic acid sodium salt and sodium phosphate dibasic from
Sigma Aldrich. All reagents were used without purification.

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM). TEM and HRTEM images were performed at the
“Servicio de Microscopia Electrénica” of Universitat Politécnica
de Valéncia (UPV) by using a JEOL JEM 1400 Flash electron
microscope operating at 120 kV with a point resolution of 3.8 A
and a JEOL JEM 2010 electron microscope working at 200 kV
with a resolution point of 2.35 A, respectively. The average
particle size for both supported-Ru NPs was obtained by
measuring more than 100 particles of each material by using the
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Imagel) software. FFT treatments have been carried out with
Digital Micrograph.

Elemental Analysis (EA). EA analyses of nitrogen, carbon and
hydrogen were determined with a Euro EA3000 Elemental
Analyzer (EuroVector) using sulfanilamide as reference.

Inductively coupled plasma atomic emission spectroscopy (ICP-
AES). ICP-AES analyses of Ru/G and Ru/P-G were carried out at
the ITQ by using a Varian 715-ES ICP-Optical Emission
Spectrometer, in order to determine the Ru content. The
samples for ICP were prepared following a modified digestion
method previously reported.?’” A small portion of the material
(30 mg) was suspended in 21 mL HCI-HNOs (6:1) and then, the
solution was sonicated for 90 minutes. Then, the samples were
digested at 180 °C for 15. Finally, they were cooled down until
room temperature, diluted with 100 mL of water and
afterwards analyzed by ICP-AES.

Solid-state  MAS-NMR _spectroscopy. 3'P analyses
performed at the ITQ on a Bruker Avance 400WB instrument
equipped with a 4 mm probe with a sample rotation frequency
of 10 kHz. Measurements were carried outin a 4 mm ZrO; rotor.

were

Raman Spectroscopy. Raman spectra were recorded with a
514 nm laser excitation in a Renishaw in via Raman
spectrometer equipped with a Lyca microscope. The samples
(powder) were deposited on an Al support and measured in the
region between 0 and 3000 cm-! with a resolution of <4 cm-1.

X-ray photoelectron spectroscopy (XPS). XPS analyses were
recorded using a SPECS spectrometer equipped with a Phoibos
150MCD-9 multichannel detector using Mg-Ka (1235.6 eV) and
Al-Ka (1483.6 eV) irradiation from a dual source. The pressure
during the measurements was kept under 10° Torr. The
quantification and titration of the spectra were performed with
the help of the CASA software, referencing them to the Cls peak
(284.5 eV).

Infrared spectroscopy (IR). FT-IR spectra were recorded on a
Nicolet 8700 Thermo spectrometer in the range 4000-600 cm!
from samples prepared as KBr pellets.

X-ray Powder Diffraction (XRD). Powder samples were analysed
using a CUBIX PANalytical diffractometer equipped with a
PANalytical X"Celerator detector. X-ray monocromatic radiation
of CuKa (A1=1.5406 A, \,=1.5444 A, 1,/1=0.5) was employed.

Synthesis of graphenes

G. G was synthesized by pyrolysis of alginate according to
previous literature.1>16 |n particular, the alginic acid sodium salt
was pyrolized at 900 °C for 2 h (rate of 10 °C/min) under Ar
atmosphere. The resulting graphitic powder was sonicated
during 1 hour in water to obtain the G support.

P-G. P-G was synthesized by pyrolysis of phosphate-modified
alginate according to previous literature,> dissolving 0.5 g of

6 | J. Name., 2012, 00, 1-3

alginic acid sodium salt in a sodium phosphate dibasic aqueous
solution (1.6 g in 50 mL of water). After that, the resulting black
powder was pyrolized and sonicated in the same way that G
support.

EA: C=73.54%, H: 0.96%, S: 0.331%

XPS: P=1.15 %

IR: (KBr pellet, cm1), 1160 cm-! (v P=0).

Synthesis of graphene-supported Ru NPs

Ru/G and Ru/P-G: In a Schlenk tube, 10 mg (0.032 mmol) of
[Ru(COD)(COT)] were dissolved in 5 mL THF (previously
deoxygenated). At the same time, a Fischer-Porter bottle was
charged with G or P-G (100 mg) and dispersed in 50 mL of
deoxygenated and anhydrous THF by ultrasonication (90 min).
Then, the [Ru(COD)(COT)] solution was transferred to the
Fischer-Porter bottle and it was pressurized with 3 bar of H,.
After 20 h under vigorous stirring at room temperature, the
pressure was released and Ru/G or Ru/P-G were separated
from the suspension by filtration under air through a polyamide
membrane (Whatman® membrane filters, 47mmx0.45 um) and
washed with THF (100 mL). The resulting black precipitates were
dried overnight in an oven at 60 °C. The size of the NPs was
measured by TEM on a population of at least 100 NPs, affording
a Ru NP mean diameter of 1.9 (0.6) nm and 1.5 (0.3) nm for
Ru/G or Ru/P-G, respectively. Ru contents (ICP-AES): 2.6 % and
3.3 % for Ru/G or Ru/P-G, respectively.

Electrochemical measurements

All the electrochemical experiments were performed with a
BioLogic SP-150 potentiostat. The solutions were degassed
previous to the electrochemical analysis with an Ar flow. Ohmic
potential (IR) drop was automatically corrected at 85 % using
the Biologic EC-Lab software for linear sweep voltammetry. 1 M
H,SO. solution was prepared by mixing 56.1 mL of 95-97 %
H,SO, with Milli-Q water up to 1 L. A glassy carbon rotating disk
electrode (RDE, ¢ = 0.3 cm, S = 0.07 cm?2) was used as working
electrode. The electrode preparation started from a 2 mg/mL
dispersion of each material by adding 1 mg of Ru material in 0.5
mL of THF. Long-time sonication was applied to prevent NP
aggregation over the C support. Then, an aliquot of 5 uL was
drop-casted on the surface of the GC/RDE (S = 0.07 cm?), and
dried. A 5 plL-drop of Nafion (0.02% w/w in water and 1-
metanol) was finally added and dried prior to the
electrochemical measurements. The RDE was rotated at 3000
rpm in order to ensure complete removal of in situ formed H,
bubbles during catalytic turnover. A Pt wire was used as counter
electrode (CE) and a standard calomel electrode (SCE,
Hg/Hg,Cly, KCl sat.) was used as a reference electrode (RE). The
potentials reported versus normal hydrogen electrode were
transformed as follows (Enue = Esce + E%ce), where E%ce = 0.244
V.

A 10 mL two-compartment cell with a proton exchange
membrane between the two compartments was used for
faradaic efficiencies calculation. The CE was placed in one
compartment and the WE and RE were placed in the other one
together with the Clark electrode. Both compartments were
filled with c.a. 7 mL of 1 M H,SO, solution and equipped with a
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stirring bar. Prior to each measurement, both compartments
were purged with Ar. Unisense H,-NP Clark electrode was used
to measure the hydrogen evolved in the gas phase during a
chronopotentiometry. The Clark electrode was calibrated by
adding different volumes of 99 % pure hydrogen at the end of
the experiment.

Double-layer capacitance (Cp) and electrochemically active
surface area (ECSA) determination: Cp. was estimated by
performing CV measurements with different scan rates. A non-
faradaic region was chosen from the LSV (typically a 0.1 V
window about OCP), where no redox process takes place and all
the measured current is due to double-layer charging. Based on
this assumption, the charging current (ic) can be calculated as
the product of the electrochemical double-layer capacitance
(CpL) by the scan rate (v). Plotting i. as a function of v yields a
straight line with slope equal to Cp.. In this way, 8 different scan
rates were used (5, 10, 25, 50, 75, 100, 250 and 500 mV/s),
holding the working electrode at each potential vertex for 10
seconds prior to the next step. The ECSA was obtained by
dividing the calculated capacitance by a tabulated value (Cs =
specific capacitance) that depends on the material used and
solution (for C, in 1 M H,S0,4 Cs=13-17 uF/cm?). The roughness
factor (RF) was calculated by dividing the ECSA by the
geometrical surface area (S) of the RDE.
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Figure S2. HRTEM images, chosen expanded zone and corresponding Fourier Transform
Analysis with planar reflections for Ru/P-G (a) and Ru/G (b).
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Figure S3. Raman spectrum and Ip/Ig ratio of G (a) and Ru/G (b).
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Figure S4. Raman spectrum and Ip/Ig ratio of P-G (a) and Ru/P-G (b).
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Figure S5. XPS signal of the C 1s bands of G (a) and P-G (b), and the P 2p band of P-G (c).
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Deconvoluted peak component analysis is shown for each case (baseline as red curve.
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Figure S6 FT-IR spectra of P-G (top; black) and Ru/P-G (bottom; red).
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33 Figure S8. Representative multi CV experiment at different scan rates for Cpr determination of
Ru/G (a) and Ru/P-G (c). Plot of current values at 0.25 V (vs. SCE) for the different scan rates
36 in 1 M H,SO4 for Ru/G (b) and Ru/P-G (d).
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Figure S9. Representative multi CV experiment at different scan rates for Cpr. determination of
Ru/G-r (a) and Ru/P-G-r (c). Plot of current values at 0.30 V and 0.25 V (vs. SCE) for the
different scan rates in 1 M H>SO4 for Ru/G-r (b) and Ru/P-G-r (d), respectively.
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37 Figure S10. TEM images and corresponding histogram of Ru/G after 2 h under catalytic
39 conditions (j = -10 mA/cm?).
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Figure S11. TEM images and corresponding histogram of Ru/P-G after 2 h under catalytic
conditions (j = -10 mA/cm?).

Figure S12. TEM/EDX analysis of Ru/P-G after 2 h under catalytic conditions (j = -10 mA/cm?).
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Table S1. Comparison of the most relevant graphene-derived and Ru/graphene-based HER
nanoelectrocatalysts under acidic conditions. Parameters: mean diameter (4), onset overpotential
(o, mV), overpotential at |j| =10 mA-cm? (110, mV), Tafel slope (b, mV-dec™), exchange current
density (Jjo|, mA-cm™), specific current density (|js|, mA-cm™) and turnover frequency (TOF, s™).
Unless otherwise stated, electrolyte is 0.5 M H2SOs.

9] 0 10 b o
Entry Catalyst (nm) (n]11V) (r?lV) (mV-dec™) (m,i]- <|:m'2) Ref.
GCE-S-GNs- - 61 (Tafel) 0.541
! 1000-CB-Ru 30| =601 80 71 (EIS) 0.431 !
2 Ru-GLC 25 | 3 35 46 ; 2
3 RuP/RGO <7 | =0 | 22 29 22 3
4 Ru@GnP 2 | =0 | 13 30 ; 4
5 N-G = =250 | 490 116 ; 5
6 P-G = =300 350 133 ; 5
7 N,P-G - [ =240 420 91 0.00024 5
8 N,B-CN = =410 710 198 ; 6
9 N-CN = =400 | 620 159 ; 6
10 N,P-CN - =340 | 550 139 ; 6
11 N,S-CN = =100 ] 290 77 ; 6
12 N-G = 499 ; 405 86 7
13 N,P-G = | 399 ; 565 265 7
14 P-G = | 536 ; 348 76 7
15 P.N-G = | 247 | 380 126 21 7
16 VG - =375 - 158 ; 8
17 N-VG = =200 290 121 3 8
18 Ru/NG-750 37 | = 53 44 ; 9
19 Ru@CN 237 | =70 | 126 ; ; 10
20 Ru-NGA 35 | ~15 | 55 32 3 11
21 Ru@NC 21 | =10 | 62 40 3 12
2 RW/G-r 19 | = 29 48 2.50 This
work
23 RW/P-G-r 15 | =0 | 15 49 4.97 This
work

Legend: GCE-S-GNs-1000=glassy carbon modified sulfur-doped graphene nanosheets heat
treated at 1000 °C, GLC=graphene-layered carbon, RGO=reduced graphene oxide,
GnP=graphene nanoplatelets. N-G=N-doped graphene; P-G=P-doped graphene; N,P-G=N,P-
doped graphene; N,B-CN=N,B-doped carbon nanosheets, N-CN=N-doped carbon nanosheets,
N,P-CN=N,P-doped carbon nanosheets, N,s-CN=N,S-doped carbon nanosheets, P,N-G=P,N-
doped graphene, VG=vertical graphene, N-VG=N-doped vertical graphene, Ru/NG-750= Ru
nanoclusters on N-doped graphene prepared at 750 °C, Ru@CN=Ru NPs over N-doped carbon,
Ru-NGA= Ru-modified N-doped graphene aerogel, Ru@NC= Ru NPs embedded in N-doped
carbon.
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