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ABSTRACT: Robust electrocatalysts toward the resourceful
and sustainable generation of hydrogen by splitting of water
via electrocatalytic hydrogen evolution reaction (HER) are a
prerequisite to realize high-efliciency energy research. Highly
electroactive catalysts for hydrogen production with ultralow
loading of platinum (Pt) have been under exhaustive
exploration to make them cutting-edge and cost-effectively
reasonable for water splitting. Herein, we report the synthesis
of hierarchically structured nickel pyrophosphate (3-Ni,P,0,)
by a precipitation method and nickel phosphate (Niy(PO,),)
by two different synthetic routes, namely, simple cost-effective
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precipitation and solution combustion processes. Thereafter, Pt-decorated nickel pyrophosphate and nickel phosphate (/-
Ni,P,0,/Pt and Ni;(PO,),/Pt) were prepared by using potassium hexachloroplatinate and ascorbic acid. The fabricated novel
nickel pyrophosphate and nickel phosphate/Pt materials were utilized as potential and affordable electrocatalysts for HER by
water splitting. The detailed electrochemical studies revealed that the 5-Ni,P,0,/Pt (1 pg-cm™ Pt) electrocatalyst showed
excellent electrocatalytic performances for HER in acidic solution with an overpotential of 28 mV at —10 mA-cm ™2, a Tafel
slope of 32 mV-dec, and an exchange current density (j,) of —1.31 mA-cm ™2, which were close to the values obtained using the
Vulcan/Pt (8.0 ug-cm™> Pt), commercial benchmarking electrocatalyst with eight times higher Pt amount. Furthermore, the /-
Ni,P,0,/Pt electrocatalyst maintains an excellent stability for over —0.1 V versus RHE for 12 days, keeping j, equal after the
stability test (—1.28 mA cm™2). Very well-distributed Pt NPs inside the “cages” on the -Ni,P,0, structure with a crystalline
pattern of 0.67 nm distance to the Ni,P,0-/Pt electrocatalyst, helping the Volmer—Tafel mechanism with the Tafel reaction as
a major rate-limiting step, help to liberate very fast the Pt sites after HER. The high electrocatalytic performance and remarkable
durability showed the $-Ni,P,0,/Pt material to be a promising cost-effective electrocatalyst for hydrogen production.

KEYWORDS: hydrogen evolution reaction, nickel, phosphate, platinum, pyrophosphate

B INTRODUCTION

Hydrogen (H,) is the cleanest energy transporter to the
hydrogen-based economy and has gained an increasing
attention as a substitute for fossil fuels. Resourceful and
sustainable generation of Hj is crucial for a hydrogen economy
to diminish our reliance on fossil fuels and their harmful
environmental impacts.' > Commercially, the generation of H,
is obtained from methane steam reforming and gasification of
coal. However, these two methods have ecological con-
sequences as well as engaged with more cost, which stimulated
an extensive attempt to explore clean energy sources. In this
pursuit, the sustainable production of H, by splitting of water
via electrocatalytic hydrogen evolution reaction (HER) has
fascinated significant attention because of its characteristics

-4 ACS Publications  © 2019 American Chemical Society 4969

such as low cost, easy fabrication process, high efliciency,
environmental friendly, carbon free, and large scale produc-
tion.”” In the electrocatalytic HER, protons and electrons are
combined to generate H,, being catalyzed by electrochemically
active catalysts, with a high current density at a low
overpotential.” Commonly, platinum is the most extensively
utilized electrocatalyst for HER in acid media because of its
high stability, low Gibbs free energy (AGy*) for H,
adsorption, and superior electrocatalytic performances. How-
ever, noble Pt strongly hinders its broad commercialization for
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the large scale H, generation because of its high price and little
abundance in earth. Thus, this prompted the development of
advanced alternative electrocatalysts for HER with cost-
effectiveness and also the maintenance of high electrocatalytic
performances toward the production of H,.

More recently, nickel-based electrocatalysts such as nickel
phosphide,® nickel sulfide,” nickel selenide,"® Ni-MoC,/carbon
black,'" and Ni@Ni(OH),/Pd/rGO'* have been utilized for
H, production in acidic media. However, none of other
catalyst has achieved an HER activity attained from Pt-based
electrocatalysts. In this context, researchers made an alternative
solution to this standoff, which was to search substitute
electrocatalysts by minimizing the dosage of platinum."*~'°
For example, Wang et al.'” developed Ni(OH),-supported Pt/
C electrocatalysis for H, production. The Pt/Ni(OH), hybrids
could significantly enhance the activity of a pure Pt
electrocatalyst for HER performance. In addition, the
transition metal hydroxides exhibited good adsorption
capabilities for OH™, produced after the dissociation of water
by creating OH™ and H". Rapid adsorption of OH™ results in
rapid desorption of OH™ from the surface of Pt, which would
be used further to enhance the activity of HER performance.
Another report by Zheng'® investigated the electrocatalytic
activity of PtNi, by alteration of stoichiometric ratio of Pt/Ni.
As a result, the maximized electrocatalytic performances were
achieved for PtNis composition toward the HER activity. On
the basis of the H, adsorption theory, the AGy™* value of Ni is
closer to zero when compared with Mo, Co, W, and so forth, as
a result the alloying of Pt and Ni is predictable to enhance the
electrocatalytic behavior toward HER.

In this work, we have synthesized hierarchically structured f-
Ni,P,0,, Niy(PO,),, and Niy(PO,),” by simple cost-effective
methods such as precipitation and solution combustion
methods, respectively. In a second step, we have developed
Pt-assisted 5-Ni,P,0,, Ni;(PO,),, and Niy(PO,),” composites
(B-Ni,P,0,/Pt, Ni;(PO,),/Pt, and Niy(PO,),’ /Pt) as ad-
vanced electrocatalysts for the H, production. To the best of
our knowledge and to the extent advancement in this field
concerned, this is the first time report on Pt-assisted nickel
pyrophosphate and nickel phosphate as electrocatalysts toward
HER activity. This present study will display a high
electrocatalytic HER activity from low amount of Pt (see
Table S1 in Supporting Information for a fast overview/
comparison with different materials reported in the liter-
ature)¥@®131419731 4nd contribute to an advancement of
superior electrocatalysts with low cost for H, production. The
appealing results obtained in materials characterization and
electrocatalytic performances are systematically highlighted.

B EXPERIMENTAL SECTION

Reagents and Instruments. The precursor solutions and metal
salts utilized nickel nitrate hexahydrate (Ni(NO;),.6H,0), ammo-
nium dihydrogen phosphate (NH,H,PO,), lithium hydroxide
(LiOH), sodium hydroxide pellets (NaOH) and urea (NH,CONH,)
were purchased from Sigma-Aldrich. Potassium hexachloroplatinate
(K,PtClg), ascorbic acid (AA), sulfuric acid (H,SO,), and CuSO,-
SH,O were obtained from Vetec, and 20% Pt on Vulcan XC72 (20 wt
% loading Pt/Vulcan, named Vulcan/Pt) was purchased from Sigma-
Aldrich. All reagents utilized in this investigation were used as
received.

A typical three-electrode setup of the glass cell used during
voltammetric and chronoamperometric measurements contains the
following: working electrode, a Teflon-embedded glassy carbon (GC)
disk (0.196 cm’ in geometric area) or a Teflon-embedded Pt disk

4970

(0.164 cm? in geometric area) (Pine Research Instrumentation) or a
carbon paper HCPO30N (1.0 cm?) or a carbon graphite plate (1.0
cm?); reference electrode, RHE; and counter electrode, a carbon
paper HCPO30N (3.5 cm?).

Synthesis of Nickel Pyrophosphate by Precipitation
Process. Nickel pyrophosphate (#-Ni,P,0,) was synthesized by
easy and low-cost precipitation process. For an instance, calculated
stoichiometric quantity of Ni(NO;),:6H,0 (1.08 mol) and
NH,H,PO, (1 mol) was dissolved in SO mL of distilled water.
Then, 30 mL of LiOH (2 mol) solution was introduced dropwise as a
precipitating agent under constant magnetic stirring. The resulting
mixture was stirred well for overnight in a magnetic stirrer. The final
precipitate was collected by centrifugation and washed several times
with distilled water.** Then, the obtained sample was calcined at 800
°C for 5 h (Scheme S1).

Synthesis of Nickel Phosphate by Precipitation Process. For
the synthesis of nickel phosphate (Niy(PO,),), the calculated
stoichiometric quantity of Ni(NO;),-6H,0 (3 mol) and
NH,H,PO, (2 mol) was uniformly dissolved in SO mL of double-
distilled water, and the pH of the reaction mixture was adjusted to 7
by using 1 M NaOH. The obtained reaction mixture was magnetically
stirred for about 5 h. After the completion of the reaction, the
acquired precipitate was washed several times using deionized water
and then dried at 80 °C for overnight. Finally, the obtained product
was calcined at 700 °C for S h.

Synthesis of Nickel Phosphate by Solution Combustion
Process. Nickel phosphate (Niy(PO,),’) was synthesized by a simple
solution combustion process. For the synthesis, 4.37 g of Ni(NO;),:
6H,0 and 1.70 g of NH,H,PO, were dissolved in double-distilled
water and followed by the addition of NH,CONH,. Urea was used as
fuel. All precursor materials were thoroughly dissolved using double-
distilled water (20 mL) with constant magnetic stirring to obtain
homogenous solution. Then, the obtained reaction mixture was kept
on hot plate at 200 °C for dehydration. After complete dehydration,
the resulting solid was transferred to a muffle furnace and heat-treated
around 300 °C. After 10 min, the decomposition with gradual release
of gases was observed. The final foamy product was collected after
grinding it on an agate mortar pestle and used for further
characterization. The foamy product was calcined at 800 °C for Sh.

The synthesized materials were denoted in this study as nickel
pyrophosphate (f-Ni,P,0,) “precipitation”, nickel phosphate
(Ni;(PO,),) “precipitation”, and nickel phosphate (Niy(PO,),")
“solution combustion”.

Syntheses of g-Ni,P,0,/Pt, Ni3(PO,),/Pt, Ni3(PO,),’/Pt, and
Pt Nanoparticles (Pt NPs). Initially, in a beaker, 10 mg of f-
Ni,P,0; (or Ni;(PO,), or Ni;(PO,),’) and 1.56 mg of K,PtClg (or
0.78 mg of K,PtCl, or 0.39 mg of K,PtCl, only to -Ni,P,0;) or only
1.56 mg of K,PtCls were mixed with 20 mL of Milli-Q water; then,
the reaction mixture was sonicated for at least 20 min. Posteriorly, the
dispersion was heated to 80 °C on a hotplate under constant magnetic
stirring. When the temperature reached 80 °C, 2.65 mg (or 1.33 or
0.6 mg when was the case) of ascorbic acid was added (solubilized in
1 mL of Milli-Q water) to reduce the Pt ions, and the stirring and
heating were maintained for 2 h (the synthesis is resumed in Scheme
S1 and Figure S1). After this time, the synthesis was naturally cooled
to ambient temperature, rinsed (with Milli-Q water) by centrifugation
(at 4500 rpm) five times to remove any residual reactant, and finally
the material was dried in an oven at 40 °C.

Fabrication of Electrodes. Initially, the alumina slurries with 1
and 0.05 ym mesh were used for the polishing GC disk, subsequently
cleaned by consecutive ultrasonication in Milli-Q water and acetone
for S min in each solvent. Finally, the cleaned GC disk was subjected
to 10 cycles at a scan speed of 50 mV-s™' in the potential range of
0.05—1.2 V. The Pt disk was undertaken for 200 cycles at a scan rate
of 900 mV-s™! in the potential range of 0.05—1.2 V. The N,-saturated
0.5 M H,SO, was changed several times as required to make sure a
clean surface of both GC and Pt electrodes. The carbon paper
HCPO30N and carbon graphite plate were cleaned by ultrasonication
in several Milli-Q water and followed by two cycles at a scan speed of
50 mV-s~" in a potential window of 0.05—1.2 V at N,-saturated 0.5 M

DOI: 10.1021/acsami.8b18153
ACS Appl. Mater. Interfaces 2019, 11, 4969—4982



ACS Applied Materials & Interfaces

Research Article

H,SO, solution. The catalyst inks were prepared by sonication of 0.5
mg of different catalysts (f-Ni,P,0; Niy(PO,), Ni;(PO,),’, f-
Ni,P,0,/Pt, Niy(PO,),/Pt, Niy(PO,),’/Pt, or Vulcan/Pt) at 1 mL of
Milli-Q water during at least 1 h. Additionally, a catalyst ink was
prepared by sonication of 0.15 mg of Pt NPs at 10 mL of Milli-Q
water during at least 1 h. A homogeneous thin film was consequently
produced by dripping 16 xL of an aqueous solution of f-Ni,P,0,,
Ni;(PO,),, Ni(PO,),’, f-Ni,P,0,/Pt, Niz(PO,),/Pt, Niz(PO,),'/Pt,
Vulcan/Pt at 0.5 mg:-mL™" (loading: 40 ug-cm™2) or Pt NPs at 0.015
mg-mL™" (loading: 1.2 pg:em™) onto the GC disk surface and
allowing it to dry at ambient temperature. The fabricated electrodes
were then connected in a three electrode electrochemical cell setup
containing a 0.5 M H,SO, solution saturated with N, or H, (both
obtained from White Martins with 5.0 purity).

Apparatuses and Measurements. The structural crystalline
phase identification of the developed A-Ni,P,0, Niy(PO,),,
Ni3(PO,),’, and f-Ni,P,0,/Pt samples (15—30 mg) was recorded
by powder X-ray diffraction (XRD) technique via a Siemens DS000,
Diffrac Plus XRD Commander, X-ray diffractometer with Cu Ka
radiation (4 = 0.154 nm) at a scan rate of 0.01 °s™'. The structural
morphology of the synthesized samples was inspected by field
emission scanning electron microscopy (FE-SEM) with an FEI
Quanta 250 microscope system.

p-Ni,P,0,, f-Ni,P,0,/Pt, and f-Ni,P,0,/Pt after the 12th day
structures were characterized by transmission electron microscopy
(TEM), performed on a JEOL JEM2100 LaB, apparatus operating at
200 kV. For this, diluted -Ni,P,0,, f-Ni,P,0,/Pt, and -Ni,P,0,/Pt
after the 12th day aqueous reaction solutions were dropped onto
carbon films embedded on a lacey carbon film on a 400-mesh copper
grid (Ted Pella).

The electron energy loss spectroscopy (EELS) experiments were
performed using a JEOL JEM 2100F microscope (operated at 200
kV) equipped with a GATAN Imaging Filtering system (EELS-GIF
Tridium). All EEL spectra were collected with a dispersion of 0.3 eV/
ch, with an aperture label of 2.0 mm under an STEM illumination
mode. The software Digital Micrograph was used to subtract the
background (through the power law method).

XPS analysis was performed with an Omicron surface analysis
station equipped with an SPHERA hemispherical analyzer and a DAR
400 Al Ka (1486.7 eV) X-ray source. The chamber was evacuated to
1 x 10™® mbar during analysis. Pass energies were 50 and 10 eV for
survey- and high-resolution spectra, respectively. The Voigt-type
function with Gaussian (70%) and Lorentzian (30%) was used for the
deconvolution of XPS spectra.

ICP-OES was performed to identify the content of Pt in j-
Ni,P,0,/Pt using Thermo Fisher Scientific iCAP 6300 Duo
equipment with the operating conditions of RF power being 1250
W, sample flow was 0.45 L-min~', plasma gas flow rate was 12 L
min~!, an integration time of S s, a stabilization time of 20 s,
nebulization pressure was 20 psi, and axial view mode, 1 = 214.423
nm to Pt). Further, more detail on the Pt ICP-OES identification can
be seen in Supporting Information.

All electrochemical techniques such as cyclic voltammogram (CV),
chronoamperometry, hydrodynamic CV, and hydrodynamic linear
potential scan (HLS) were measured by an AFP2 WaveDriver 20
bipotentiostat—galvanostat equipped with an AFMSRCE modulated
speed rotator (Pine Research Instrumentation).

A PGSTATI128N potentiostat—galvanostat (Autolab) equipped
with a FRA2.X module was utilized for EIS measurements, which was
carried out at a fixed OCP value of around 0.55 V (on average) or at
—10, —20, and —50 mV in 0.5 M H,SO,, with potential perturbation
of 10 mV (rms) within a frequency range of 10 mHz to 100 kHz.
Concern was taken to make sure that AC impedance output data
matched to the interfaces being inspected at high frequencies, as
depicted in ref 33. Every HLS curve was adjusted for ohmic drop
resistance estimated and determined from the fitted intercept at high
frequency of EIS. Ohmic drop resistance estimated in 0.5 M H,SO,
was 6 Q on average (Figure S2).

Normalization of HLS curves was based on electrochemically active
surface area (ECSA) and actual electrode geometric area values. The
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ECSA values were obtained by stripping of H,q (50 mV-s7!) and
Cuupd.%33 Charge density was taken as 210 yC-cm™ 36 for bare Pt
and Vulcan/Pt/GC-modified electrode surfaces and 420 ,uC-cm_2 for
the f-Ni,P,0,/Pt surface. Cu,py stripping was carried out in 1 mM
CuSO, in 0.5 M H,SO, solution. The potential at the $-Ni,P,0,/Pt/
GC electrode was kept at 1.0 V during 200 s, followed by a 900 s step
at 0.4 V, and consequently by an HLS from 0.4 to 1.0 V at 5 mV-s™"
and 600 rpm.

The ECSA was also estimated from the electrochemical double-
layer capacitance (Cy) to -Ni,P,0, and -Ni,P,0,/Pt by collecting
CVs from S to 800 mV-s™" in a potential window of 0.1 V centered at
the OCP (measured currents in this non-Faradaic potential region
might be because of the double-layer charging).’” During these CV
measurements, the working electrode was held at each potential vertex
for 10 s before beginning the next sweep.>” The double-layer charging
current is equal to the product of the potential scan rate, 2, and the
Cg”” expressed by eq 1:

Al/2 = (I(+) - I(_))/Z =vX Cdl (1)

The ECSA based on the Cy was calculated according to eq 2

ECSA = C,/C, ()

where C; is the specific capacitance, here, we used the capacitance of

an atomically smooth planar surface of the material per unit area

under identical electrolyte conditions with a value of 0.035 mF-
237

cm™,

B RESULTS AND DISCUSSION

XRD Studies. The XRD patterns of the produced f-
Ni,P,0,/Pt, f-Ni,P,0., Ni;(PO,),, and Ni;(PO,),” materials
are depicted in Figure 1. The XRD pattern of synthesized f-

Intensity / a.u.

— NI, (PO,

10 20 30 40 50 60 70 80 90
26/ degree

Figure 1. XRD spectra of -Ni,P,0,/Pt, #-Ni,P,0,, Ni;(PO,),, and
Ni(PO,)," samples.

Ni,P,O, by a simple precipitation method is in good
agreement with the equivalent (110), (10-2), (111), (121),
(12-2), (130), (23-2), (02—4), (=713), (40—4), and (640)
diffraction planes of monoclinic Ni,P,0, (JCPDS No. 74-
1604). The XRD pattern for S-Ni,P,0,/Pt shows the
diffraction peaks corresponding to the p-Ni,P,0, sample, in
addition to the diffraction peaks for Pt (111), (200), (220),
(311), and (222) planes at 20 = 39.7, 46.3, 67.8, 82.0 and
85.6° (more evident: 39.7 and 46.3° due to addition of the
very small amount of Pt (~3 wt %) in the sample),
respectively, identified for Pt (JCPDS No. 65-2868). The
diffraction peaks of the Ni;(PO,), synthesized by precipitation
process revealed several peaks and the exhibited (hkl)

DOI: 10.1021/acsami.8b18153
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Figure 3. TEM images of #-Ni,P,0,, f-Ni,P,0,/Pt, and }-Ni,P,0,/Pt after the 12th day samples, and HR-TEM images of (A) -Ni,P,0,/Pt after

the 12th day sample.

diffraction planes (100), (011), (102), (111), (200), (013),
(11-3), (21-1), (01-4), (12-2), (31-1), and (222). They are
indexed according to the information of monoclinic crystal
structure of Ni;(PO,), (JCPDS No. 15-3160). The diffraction
pattern of Niy(PO,),’ synthesized by solution combustion
process illustrates that the diffraction pattern of Niy(PO,),
synthesized by precipitation route is not changed by the
synthetic route. However, it could be noticed that the small
changes in diffraction angles and peak intensity, which might
be due to the various synthetic conditions on Niy(PO,),
generating substantial expansion and contraction of the lattice
constants.

The above XRD investigation confirms the formation of f-
Ni,P,0,, #-Ni,P,0,/Pt, Ni;(PO,),, and Ni;(PO,),” materials,
and the resultant average crystalline size calculated using
Scherrer’s equation‘q’s_40 was about 9.1, 8.9, 36.6, and 41.8 nm,
respectively. The difference in the average crystalline size of

Ni;(PO,), and Ni;(PO,),” by changing of synthetic conditions
and the biggest change in crystalline size to S-Ni,P,O, in
relation to Ni;(PO,), and Ni;(PO,),” could be noticed, in
addition to the decreased crystalline size to $-Ni,P,0,/Pt in
relation to f-Ni,P,0.. The smaller crystalline size may be likely
to show an enhanced electrocatalytic active sites, which may
also lead to show an improved electrocatalytic performance.
Morphology Studies. The shape and structural morphol-
ogies of the synthesized f-Ni,P,0, Ni;(PO,), and
Ni;(PO,),’ samples were analyzed by FE-SEM, and the
resulting pictures are exhibited in Figure 2. The FE-SEM
morphology of the f-Ni,P,0, sample shows an aggregated
granular-like®” particles (Figure 2A). However, the FE-SEM
image of Nij(PO,), shows a micrometer size granular-like
surface structure made by nanoflakes (Figure 2B). The
structural morphology of Ni;(PO,)," synthesized by precip-
itation process exhibited the hierarchical granular-like

DOI: 10.1021/acsami.8b18153
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morphology (Figure 2C). It was observed that the structural
morphology of Niy(PO,), sample is tightly packed granular-
like particles, which are probable to be an additional benefit for
the transport of electron.*"** However, the particles such as
the f-Ni,P,0, sample may be better arranged at a GC surface.

Further, the structures of -Ni,P,0, f-Ni,P,0,/Pt, and Pt
NP samples were investigated by TEM, HR-TEM, electron
diffraction pattern, HAADF-STEM, and EDX mapping images;
the equivalent pictures are shown in Figures 3 and 4 and

20 1/nm

400 nm

20 1/nm

Figure 4. HAADF-STEM, EDX mapping, and electron diffraction
pattern images of f-Ni,P,0,, p-Ni,P,0,/Pt, and $-Ni,P,0,/Pt after
the 12th day samples.

Figures S3 and S4. The TEM images of f-Ni,P,0O, (Figure 3
and Figure S3) show rounded whitish structures with different
sizes as well as darkened structures such as plates” with a
distance of fringes of 0.97 nm. $-Ni,P,O,/Pt has visible, large
Pt NPs directly or not directly supported at the f-Ni,P,0,
structure (Figure 3 and Figure S3) as well as small Pt NPs also
appearing to be imbibed into the B-Ni,P,O, structure,
presenting a mean Pt particle size distribution (PSD) of 9.7
+ 4.6 nm (Figure S3). The distance of fringes is now 0.67 nm.
These distances of fringes are close to distances present in the
unitary cell of 5-Ni,P,0, structure (Scheme S1). TEM and
HR-TEM images of Pt NPs synthesized in the absence of -
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Ni,P,0, are shown in Figure S4, which can be seen larger Pt
NPs such as the large Pt NPs directly or not directly supported
at f-Ni,P,O; structure (Figure 3 and Figure S3), with Pt
dendritic structures~*” (Figure S4). The visible distance of
fringes appeared now as 0.19 to 0.22 nm (HR-TEM image A at
Figure S4 to Pt NPs).

The EDX mapping (Figure 4) to the f-Ni,P,0, sample
shows clearly the presence of Ni, O, and P, equally
distributed®® and very close to each other in the rounded
whitish and plate structures of p-Ni,P,O,. The diffraction
pattern is well visible to -Ni,P,0O, sample (Figure 4). To the
p-Ni,P,0,/Pt sample, the EDX mapping (Figure 4) to Ni, O,
and P is similar to the #-Ni,P,0, sample with exception to the
detection of Pt very well distributed to -Ni,P,O; and closer to
the P atoms, which reinforces the occurrence of small Pt NPs
imbibed into the f-Ni,P,0, structure (see high intensity of
detected Pt to larger Pt NPs at -Ni,P,0,/Pt sample in Figure
4). The diffraction pattern is also well visible to $-Ni,P,0,/Pt
sample (Figure 4); however, it appears different when
compared with the diffraction pattern to A-Ni,P,0,, as
previous detected to different distance of fringes to f-
Ni,P,0; and $-Ni,P,0,/Pt (TEM images at Figure 3). The
diffraction pattern to Pt NP samples (Figure S4) is consistent
with the spots in distances matching to face-centered cubic
(fcc) crystalline phase of Pt with (111), (200), (220), and
(311) planes.*** The low intensity of the spots (Figure S4)
is consistent with the Pt dendritic structures.”™* The f-
Ni,P,0,/Pt sample (Figure 4) presents not well-defined
concentric spot characteristic of Pt NPs (Figure S4), which
was not identified at the -Ni,P,O, sample (Figure 4).

EELS Analysis. The Ni L, ; edge electron energy loss near-
edge structures (ELNES), core-loss spectra in the EELS, of
Ni(NO;), (standard), S-Ni,P,0, and pS-Ni,P,0,/Pt are
shown in Figure SA. Spin-orbit coupling to Ni-2p orbitals
emerges as doubly degenerated 2p,,, and quadruple 2p;,,.**
The main transitions should be from Ni-2p levels to Ni-3d.**
Thereby, the Ni L, ; edge ELNES for different samples (Figure
SA) comprises two major peaks related for transitions from
2py,» (L, edge around 872 eV) and from 2p,,, orbitals (L,
edge around 855 €V), in agreement with results shown for
NiO.** For Ni(NO,), (standard), the experimental L; peak at
855 eV was not completely sharp in addition to present a
shoulder toward lower energy, and the L, peak at 871.5 eV was
trapezoidal shaped. For -Ni,P,0,, the L; peak at 855 eV was
totally sharp in addition to present a shoulder toward higher
energy, presenting also a triangular-shaped L, peak at 872 eV.
For -Ni,P,0,/Pt, the L; peak at 855 eV was broad, presenting
also a triangular-shaped L, peak at 872 eV. The profile of the
Ni L,; edge ELNES firmly reflects the nearby electronic
structure of the Ni atom, for instance, spin state, oxidation, and
coordination number.*® The distinctive features of the Ni L,
edge ELNES, as a result, propose that the Ni atoms are in a
different electronic structure in Ni(NO,), (standard), p-
Nj,P,0;, and $-Ni,P,0,/Pt.

The O—K edge ELNES mostly matched to electron
transitions from O 1s core level to unoccupied O 2p orbitals.**
The ELNES of Ni(NO;), (standard) (Figure SB) consists of
four major peaks at 525, 528, 537.7 (with shoulders at low and
high energy, the main peak), and 562 eV. The ELNES of f-
Ni,P,0, (Figure SB) consists of only two major peaks. The
first peak is coincident with the third (including the shoulders)
and the fourth peaks of Ni(NO;), (standard) at 537.3 and
563.5 eV, respectively, to f-Ni,P,0,. The O—K edge ELNES
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of f-Ni,P,0,/Pt in Figure 5B contains of two major peaks at
537.3 and 562 eV. For the last two materials, the first peak is
located at higher energy than that for Ni(NO;), (standard).
The electron transitions corresponding to the main peak to
different materials may take place via covalent bonding
between the O 2p and Ni 3d orbitals,* meaning that the
disappearance of the peaks at 525 and 528 eV from Ni(NO;),
(standard) in relation to $-Ni,P,O,, and the disappearance of
the shoulders from the peak at 537.3 eV to $-Ni,P,0,/Pt in
relation to S-Ni,P,0, indicates that the covalent bonding
becomes stronger in the order of Ni(NO;), (standard), f-
Ni,P,0,, and $-Ni,P,0,/Pt. This is in agreement with distance
of fringes decreased from 0.97 to 0.67 nm to -Ni,P,0; and f-
Ni,P,0,/Pt, respectively (TEM images at Figure 3)

The P-L,; and L, edge ELNES correspond to electron
transition from P 2p core level to both s- (I = 0) and d-
character (I = 2) final states”” and P 2s core level to p state (I =
1), respectively.49 The ELNES of NH,H,PO, (standard)
(Figure SC) consists of four major peaks at 135.5, 143.4, 156
(P L,3), and 189.5 (P L,) eV. The ELNES of $-Ni,P,0,
(Figure SC) consists of similar peaks at 135.2, 142.7, 159.5
(trapezoidal shaped) (P L, ), and 189 (P L,) eV. The ELNES
of p-Ni,P,0,/Pt in Figure SC consists of peaks at 135.4, 144,
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157 eV (P L,;), and not identifiable P L, peak. The peak
around 136 eV is attributed to P,O, species,”””" as well the
peaks from 140 to 160 eV (and the peak at 189 eV).”" The
presence of Ni at §-Ni,P,0, displaced the peaks in ELNES
spectrum to low energy in comparison with the ELNES of
NH,H,PO, (standard). The presence of Pt at -Ni,P,0,/Pt
displaced the peaks in ELNES spectrum to high energy in
comparison with the ELNES of pA-Ni,P,0, with not
identifiable P L, peak to $-Ni,P,O,/Pt—most probable due
to the few unfilled p states and their energy distribution is
broad than that of the d states, so the L, turns invisible.*’ This
observation is corroborated by the presence of Pt NPs close to
the P atoms to f-Ni,P,0O,/Pt sample (Figure 4). The slight but
perceptible differences in FTIR spectra (Figure SS) are also
experimental evidence of the interactions of small amount of Pt
(Pt NPs) present in the -Ni,P,0,/Pt material, which in turn
affect the vibrational modes of the P—O—P groupments (see
complementary information in the Supporting Information
about FTIR analysis).

XPS Analysis. Figure S6 depicts the XPS spectra of -
Ni,P,0; and f-Ni,P,0,/Pt where Ni 2p, O 1s, C 1s, P 2s, P
2p, and Ni 3p, in addition to Pt 4s, Pt 4d, and Pt 4f (Pt peaks
to ff-Ni,P,0,/Pt) peaks are noticeable. Positions and atomic
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Figure 7. (A) CVs for bare and modified GC electrodes. Potential scan rate: 50 mV-s™". Potential scan starts at 1.2 V. Inset: AI/2 vs v for modified
GC electrodes. (B) HLSs (corrected for ohmic-drop resistance) recorded with bare Pt and GC and modified GC electrodes. Scans started at 0.0 V.
@ = 1600 rpm, v: 5 mV-s™". Current densities (currents used from Figure S7C) shown by electrode geometric area. (C) Tafel plots for bare Pt and
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were obtained in H,-saturated 0.5 M H,SO, solution with exception to inset of Figure 7A that was obtained in N,-saturated 0.5 M H,SO, solution.

and mass percentages (Table SS) were obtained from the XPS
spectrum in Figure S6.

The B-Ni,P,0, surface analysis from the XPS measurement
(Figure S6) shows mass percentages of Ni (54%) and P (46%)
(Table SS). However, to f-Ni,P,O,/Pt, the surface analysis
from the XPS measurement (Figure S6) shows mass
percentages of Ni (72.7%), P (20%), and Pt (7.3%) (Table
SS). The carbon and oxygen were not quantified because their
contributions are totally from the graphite (GR) support
surface to carbon and mixed contribution of support and the -
Ni,P,0,/Pt and $-Ni,P,0,/Pt surfaces to oxygen. The films of
B-Ni,P,0O, and B-Ni,P,0, on the GR surface did not have
enough thickness to avoid the support surface contribution to
XPS responses. However, even considering relative percentages
(not including carbon and oxygen), Ni mass percentage is high
than P as expected to -Ni,P,0, mass percentage composition
as well as Pt mass percentage is lower than the Ni mass
percentage and close to that determined by ICP-OES to f-
Ni,P,0,/Pt mass percentage composition (see below).

The deconvoluted high-resolution Ni 2p XPS spectrum
(Figure 6A) contains two peaks at 857.3 and 875.2 eV with
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their respective satellites shakeup at 862.5 and 880.9 eV
corresponding to the 2p;,, and 2p;,, levels, respectively, in a
2:1 ratio (Table S6). A spin-orbital splitting of 18 eV between
the peaks and the presence of satellites peaks indicates that
Ni** species®*>™ are present at the S-Ni,P,0, surface. In
addition, the f-Ni,P,0,/Pt surface revealed two shoulders at
8544 (Ni 2p;/, 6+) and 872.2 (Ni 2p,/, 6+) with small %
content (Figure 6A and Table S6) characteristic of a small
amount of Pt in direct “contact” to Ni** species. These HR-
XPS spectra are narrowly connected to the EELS spectra in
Figure SA.

The deconvoluted O 1s HR-XPS spectrum (Figure 6B) to f-
Ni,P,0O, (there is a small peak in addition to a broad peak
without deconvolution) assigned to Ni—O (526.9 V), P—O—
P (530.6 eV),”>** C—0 (532.0 V), and C=0 (533.5 eV)
groups, with large % content of the last two groups (Table S6)
because of the large contribution of the GR surface. To the f-
Ni,P,0,/Pt surface (very broad two peaks without deconvo-
lution are visible), in addition, there is clearly a new peak
assigned to Pt—OH (530.0 eV) group (Figure 6B) with small
% content (Table S6), as expected due to the small amount of
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Pt present at f-Ni,P,0,/Pt (see ICP-OES result below).
These HR-XPS spectra maintain close relationship to the
EELS spectra in Figure SB.

The deconvoluted P 2p HR-XPS spectrum (Figure 6C) to
B-Ni,P,0, (there is a broad peak without deconvolution) has
been correlated to P 2p;/, (134.0 eV) and P 2p,,, (134.5 eV)
peaks with 2/1 ratio of % content for the first in relation to the
second (Table S6), indicating a +5 state for P atoms*> > in f-
Ni,P,0;. To the -Ni,P,0,/Pt surface (there are a broad peak
followed by a shoulder without deconvolution), the peaks have
been correlated to P 2p;/, (134.4 €V) and P 2p,,, (137.5 eV)
also with 2/1 ratio of % content for the first in relation to the
second (Table S6), indicating also +5 state for P atoms>> "> in
p-Ni,P,0,/Pt. However, the displacement of P 2p,,, peak
from 134.5 to 137.5 eV is an evidence of Pt in direct “contact”
to P°" species. These HR-XPS spectra maintain close
relationship to the EELS spectra in Figure SC.

Finally, the deconvoluted Pt 4f HR-XPS spectrum (Figure
6D) to -Ni,P,0,/Pt revealed two peaks attributed to Ni 3ps,,
(67.5 eV) and Ni 3p,/, (69.4 eV), in addition to three couples
(two spin-orbit split (7/2, 5/2) Pt 4f peaks) of spin-orbit
components (Pt 4f,, and Pt 4f;,) with ﬁxed separation (3.3
eV) and a relative content ratio of 1.33.** The main Pt 4f, 2
component is located at 71.5 eV and matches to metallic Pt*
with % content of 32% considering the two spin-orbit split.*’
The another two components were attributed to PtO (72.8
eV) and PtO, (73.8 eV)* (Table $S6). The relatively high
amount of Pt*" and Pt*" can originate from synthesis of the
electrocatalyst in the presence of oxygen and further contact
with oxygen during washing and storage.” Deﬁmtely, we have
metallic Pt NPs in direct “contact” with Ni** species in the f3-
Ni,P,0,/Pt structure positioned inside the “cages” of p-
Ni,P,0, (Scheme S1) and in direct “contact” with Ni** and
P>* species present in the -Ni,P,0, structure.

ICP-OES Analysis. To definitively confirm the Pt amount
present in the B-Ni,P,0,/Pt sample, ICP-OES investigation
was carried out. The Pt content (% mass/ mass) was examined
by ICP-OES with obtainable value of 2.98 + 0.04.

Electrochemical Profile. Figure 7A and Figures S7A,B
and S8A—C show the cyclic voltammetric profiles of bare GC,
bare Pt, Niy(PO,),, f-Ni,P,0; Ni;(PO,),’, Niy(PO,),/Pt, -
Ni,P,0,/Pt, Niy(PO,),’/Pt, and 20 wt % loading Pt/Vulcan
supported on the GC surface (Ni;(PO,),/GC, -Ni,P,0,/GC,
Ni,(PO,),'/GC, Niy(P0O,),/Pt/GC, B-Ni,P,0,/Pt/GC,
Ni;(PO,),’/Pt/GC, and Vulcan/Pt/GC-modified electrodes).

The bare GC, Niy(PO,),/GC, B-Ni,P,0,/GC, and
Niy(PO,),’/GC-modified electrodes show only capacitive
current behavior in the entire potential window (Figure 7A
and Figure S8A). However, for f-Ni,P,0,/Pt/GC, it is more
evident the region of adsorption/desorption of hydrogen in the
potential window of 0.05 to 0.4 V (Figure 7A, Figures S7A and
S8A,B) (peak couples totally evidenced in the bare polycrystal-
line Pt (Figures S7A and S8B) at 0.12 and 0.26 V) on the Pt
surface, the region of double layer (capacitive currents, 0.4 to
0.75 V, Figure 7A, Figures S7A and S8A,B), and the region of
Pt oxide formation (and reduction) from 0.74 to 1.2 V (a small
Pt oxide reduction peak at 0.76 V, Figure 7A, Figures S7A and
S8A,B). For bare polycrystalline Pt (Figures S7A and S8B), the
Pt oxide formation is totally visible by the currents from 0.80
to 1.2 V, and the Pt oxide reduction characterized by a
pronounced reduction peak at 0.82 V. The amplified currents
to the Vulcan/Pt/GC-modified electrode (Figures S7B and
S8C) are due to the large capacitive currents from the Vulcan
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XC72 carbon present at the 20 wt % loading Pt/Vulcan
electrocatalyst. The not well defined peak couples at the region
of adsorption/desorption of hydrogen to the Vulcan/Pt/GC-
modified electrode (Figures S7B and S8C) is related with the
dispersion of Pt at Vulcan XC72 carbon. The Pt oxide
formation to the Vulcan/Pt/GC-modified electrode (Figures
S7B and S8C) is well visible by the large currents from 0.80 to
1.2 V and the Pt oxide reduction characterized by a
pronounced reduction peak at 0.76 V. The behavior of
Ni;(PO,),/Pt/GC and Ni;(PO,),’/Pt/GC-modified electro-
des (Figure 7A and Figure S8A) is similar when compared with
the Pt behavior observed at the f-Ni,P,0,/Pt/GC-modified
electrode, exception to the high currents to the f-Ni,P,0,/Pt/
GC-modified electrode in relation to the other two. The cyclic
voltammetric profiles are very similar in N,-saturated 0.5 M
H,S0, for all these electrodes (Figure S8A—C). Zheng et al.*®
suggested that steady H, pressure be preserved during the
investigation to attain perfect HER polarization curves
although H, not being a reactant for HER. This is the
justification for our electrochemical experiments to be mainly
discussed at H,-saturated 0.5 M H,SO, solution.

On the basis of responses in Figure 7A and Figures S7A,B,
and S8A—C, it is possible to say that bare Pt and Vulcan/Pt/
GC-modified electrode present more Pt active sites than the -
Ni,P,0,/Pt/GC-modified electrode. To confirm this observa-
tion the ECSA values utilized to get current densities were
examined from H,4-stripping to bare Pt and Vulcan/Pt/GC-
modified electrode (0 28 and 1.48 cm?, respectively, based on
bare Pt and Vulcan/Pt/GC-modified electrode CV responses
in Figures S7AB and S$8B,C) and Cu,yg-stripping to ﬂ
Ni,P,0,/Pt/GC-modified electrode measurements (0.12 cm?,
Figure S9). The magenta curve in Figure S9 behaves likewise
to those illustrated in Figure 7A, although the dashed black
curve in Figure S9 shows an amplified current in comparison
with magenta curve in all potential region that can be related to
the exclusion of deposited Cu at Pt sites on the -Ni,P,0,/Pt
surface.”

In addition, ECSA values estimated from Cy (using eqs 1
and 2, CVs from Figure S10, and inclination values from inset
in Figure 7A) to p-Ni,P,0,/GC and pS-Ni,P,0,/Pt/GC-
modified electrodes were 0.57 and 0.36 cm?, respectively. The
presence of Pt at the f-Ni,P,0,/Pt/GC-modified electrode
decreased the ECSA values estimated from Cy in comparison
with the #-Ni,P,0,/GC-modified electrode. The Pt NPs inside
the “cages” of f-Ni,P,0, (Scheme S1) decreased the f-
Ni,P,0,/Pt ECSA.

Evaluation of the Electrocatalytic Activity of Modi-
fied Ni3(P0O,),/GC, p-Ni,P,0,/GC, Ni;(PO,),'/GC,
Ni3(PO,),/Pt/GC, p-Ni,P,0,/Pt/GC, Ni3(PO,),’ /Pt/GC,
and Vulcan/Pt/GC Electrodes, and Bare Pt Electrode
toward the HER. The HLS responses to bare Pt and GC
electrodes and Niy(PO,),/GC, B-Ni,P,0,/GC, Ni,;(PO,),’/
GC, Niy(PO,),/Pt/GC, p-Ni,P,0,/Pt/GC, Niy(PO,),'/Pt/
GC, and Vulcan/Pt/GC-modified electrodes are shown in
Figure 7B and Figures S7C and S8D.

It is worth noting that all electrochemical analyses were
carried out by using a carbon paper HCPO30N counter
electrode instead of Pt counter electrode in line with the finest
practices in pursuit of topic in heterogeneous electrocatalysis,””
because the Pt redeposition onto the working electrode from
the Pt counter electrode (dissolution) should be avoided for
HER catalysis studies.”’ > This care was not taken in several
papers cited in Table S1. Also, for comparison, the
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commercially available 20 wt % Pt/C (Vulcan/Pt) was used as
a benchmarking catalyst , which is considered as a standard.”’

For bare GC and GC electrodes modified with Ni;(PO,),,
S-Ni,P,0,, and Niy(PO,),’ is not possible to see any catalytic
effect for HER in the potential window shown in Figure 7B
and Figures S7C and S8D. However, to GC electrodes
modified with Ni;(PO,),/Pt, f-Ni,P,0,/Pt, Niy(PO,),’/Pt,
and Vulcan/Pt and to bare Pt, the high catalytic effect toward
HER is clearly evident, mainly to bare Pt, as expected, and also
to Vulcan/Pt. The HLS response to the $-Ni,P,0,/Pt/GC-
modified electrode appears at more positive potentials than to
GC electrodes modified with Ni;(PO,),/Pt and Ni,(PO,),’/
Pt (see in Figures S7C and S8D the responses shown only in
currents). At —10 mA-cm™?, the overpotential to bare Pt was
10 mV, GC electrode modified with Vulcan/Pt was 16 mV, j-
Ni,P,0,/Pt was 28 mV, Ni;(PO,),/Pt was 33 mV, and
Ni;(PO,), /Pt was 58 mV, and at —20 mA-cm ™, they were 19,
30, 41, 53, and 85 mV, respectively (Figure 7B), considering
only the electrode geometric area. However, considering the
ECSA based in upd-stripping (Figure S7D), the bare Pt and
GC modified with f-Ni,P,0,/Pt and Vulcan/Pt had over-
potential at —10 mA-cm™2 of 16, 20, and 98 mV, respectively,
and at —20 mA-cm ™ of 30, 32, and 176 mV. The overpotential
values to the f-Ni,P,0,/Pt/GC-modified electrode were lower
than the value to the Vulcan/Pt/GC-modified electrode and
very close to bare Pt, considering the ECSA. In general, the
overpotential values considering geometric area and ECSA are
lower than the values summarized in Table S1. These results
are in agreement with the idea that smaller crystalline sizes (-
Ni,P,0; and Ni;(POy,),) result in higher electrocatalytic active
surface, which in turn improves the HER electrocatalytic
responses, in addition to the decreased distance of fringes from
p-Ni,P,0; to -Ni,P,0,/Pt (TEM images in Figure 3), the
detection of Pt very well distributed to -Ni,P,O- and closer to
the P atoms, which reinforces the occurrence of small Pt NPs
imbibed into the $-Ni,P,0; structure (Figure 4), the presence
of Pt at f-Ni,P,0,/Pt displacing the peaks in ELNES spectrum
to high energy in comparison with the ELNES of -Ni,P,0,
with not identifiable P L, peak to 5-Ni,P,0,/Pt (Figure SC),
and the presence of metallic Pt NPs in direct “contact” with
Ni** species in the S-Ni,P,0,/Pt structure (Figure 6D)
positioned inside the “cages” of f-Ni,P,O, (Scheme S1) and in
direct “contact” with Ni** and P>* present in the -Ni,P,0,
structure (Figure 6A,C). It is worth noting that the presence of
Pt at the f-Ni,P,0,/Pt/GC-modified electrode decreased the
ECSA values estimated from Cy in comparison with the j-
Ni,P,0,/GC-modified electrode.

Using ECSA based on upd-stripping to compare the
catalysts (bare Pt and GC-modified electrodes with pg-
Ni,P,0,/Pt and Vulcan/Pt) was possible to identify that GC
electrode modified with f-Ni,P,0,/Pt is an excellent catalyst
toward HER (better electrocatalytic behavior when compared
with the Vulcan/Pt/GC-modified electrode and close to bare
Pt electrode) because the amount of Pt available at GC
electrode modified with $-Ni,P,O,/Pt is only close to 1.0 ug:-
cm™?, an almost negligible amount of Pt when compared with a
bulk Pt electrode and eight times lower Pt amount (in mass)
compared with Vulcan/Pt catalyst, which was used 8.0 yg-cm™
of Pt. The specific ECSA (see eq S1, Supporting Information)
to the GC-modified electrode with $-Ni,P,0,/Pt was 61 m*
gp. ", close to that reported by Neyerlin et al.”” using ultralow
Pt-loaded electrodes (3 pg-cm™2). In addition, the Pt and f-
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Ni,P,0; loadings studied in the present work are lower than
the loadings reported in Table S1.

By using ECSA estimated from Cy and calculating the
specific ECSA (eq S1) to the GC-modified electrode with f5-
Ni,P,0, and -Ni,P,0,/Pt, we found 7.3 and 4.6 m*g s -
These values are coincident with the values of 6—7 m™g~
determined by BET method to p-Ni,P,0,,°*°" which
Meguerdichian et al.®! concluded that -Ni,P, 0, is nonporous.
Our results of specific ECSA are totally coincident with the
decreased distance of fringes detected to f-Ni,P,0,/Pt in
relation to #-Ni,P,0; catalyst (TEM image in Figure 3) as well
as the occurrence of very well-distributed Pt NPs inside the
“cages” of the #-Ni,P,0; structure (Scheme S1).

The turnover frequency (TOF) (Figure S7E) was calculated
using eqs S2—S4°” and resulted at values of 154 and 51 s~!
based on ECSA obtained from Cu,,g stripping and Cy,
respectively, at an overpotential of 28 mV (—10 mA-cm™>
based on electrode geometric area, Figure 7B). These values
are much higher than those reported by Li et al®* even
considering only our TOF values based on ECSA obtained
from Cy. It is clear that some species are of constant TOF
tendency at log scale at overpotentials higher than 100 mV
(Figure S7E). At 100 mV, the TOF values are 1461 and 500
s~ based on ECSA obtained from Cuypq stripping and Cy,
respectively.

To understand better the electrocatalytic effect toward HER,
the Tafel plots were produced (Figure 7C) using data in Figure
S7C.

It is clear that the linear behaviors to Tafel plots in the range
of log Il from —4 to —2 and from slope of these Tafel linear
behaviors were calculated the “mV-dec™"” (Table 1). Also, for

Table 1. Tafel Slopes and Exchange Current Densities from
HER for Modified GC Electrodes (Figure 7C)

jo (mA-em™)  jo (mA-cm™?) (by
modified GC low I (by geometric ECSA based on upd-
electrode (mV-dec™") area) stripping)

Ni;(PO,),/Pt/GC 37 -113

B-Ni,P,0,/Pt/GC 32 -131 —2.14
B-Ni,P,0,/Pt/GC 32 ~128 ~2.09

after the 12th day

Niy(PO,),’/Pt/GC 39 -0.72

bare Pt 29 —4.22 —2.47
vulcan/Pt/GC 30 -2.73 —0.36

1 = 0 from Tafel linear behavior, the exchange current densities
(jo) were obtained (Table 1). The investigation of Tafel slope
is an important parameter to expose the principal steps
concerned in the mechanism of H, evolution on electro-
catalysts. Generally, the possible three principal reaction steps
are Volmer reaction (ecL) 3), Heyrovsky reaction (eq 4), and
Tafel reaction (eq 5).”%*

H,0" + e~ - H, + H,0 (RDS: 120 mV) (3)
H,0" + H,y, + e~ = H, + H,0 (RDS: 40 mV) (4)
H,4 + H,4, — H, (RDS: 30 mV) (s5)

In light of the over three principal reaction steps, two
mechanisms, namely, Volmer—Heyrovsky and Volmer—Tafel
are probable for HER. As per this point, the bare Pt and the
GC-modified electrodes with p-Ni,P,0,/Pt and Vulcan/Pt
electrocatalysts with lower Tafel slopes (~30 mV/dec) match
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to the Volmer—Tafel mechanism with Tafel reaction as a major
rate limiting step. The GC-modified electrodes with
Niy(PO,),/Pt and Niy(PO,),’/Pt electrocatalysts showed
Tafel slopes of 37—39 mV-dec™" (Table 1), which corresponds
to the Volmer—Heyrovsky mechanism with the Heyrovsky
reaction as a major rate limiting step. These Tafel slopes are in
line or even lower than the values summarized in Table S1.

The value of Tafel slope of 29 mV-dec™" (Table 1) to bare
Pt is eglual to that one reported in the literature of 30 mV-
dec™,°% in addition to j, (—4.22 and —2.47 mA-cm™2 per
electrode geometric area and ECSA based on upd-stripping,
respectively), higher than the reported in literature ~—1.00
mA-cm™2°>% The GC-modified electrodes with Niy(PO,),/
Pt, B-Ni,P,0./Pt, Vulcan/Pt, and Ni;(PO,),’/Pt electro-
catalysts showed Tafel slopes in an average of 39 to 30 mV-
dec™!, close to the bare Pt, and to GC-modified electrodes with
Ni,(PO,),/Pt, f-Ni,P,0,/Pt, Vulcan/Pt, and Niy(PO,), /Pt
electrocatalysts, the j, (—1.61 mA-cm™ in average) was lower
than that to bare Pt. However, considering the ECSA based on
upd-stripping, the j, to the GC-modified electrode with the /-
Ni,P,0,/Pt electrocatalyst was very close to bare Pt and six
times higher in comparison with the GC-modified electrode
with the Vulcan/Pt electrocatalyst (Table 1).

The GC-modified electrode with the -Ni,P,0,/Pt electro-
catalyst presents better results toward HER than that reported
by Devadas and Imae™” to Pt NPs immobilized on graphene
oxides, carbon nanohorns, and carbon nanotubes through a
dendrimer-mediated chemical reaction, using ~1 wt % of Pt
NPs, and even lower than the values reported in Table S1.

The HER electrocatalytic activity comparisons were made
by decreasing systematically the amount of Pt used during the
synthesis of -Ni,P,0,/Pt electrocatalysts as well as with Pt
NP electrocatalysts in relation to the §-Ni,P,0,/Pt (~1.0 ug:
cm™?) electrocatalyst (Figure 7D), and the HER electro-
catalysis became worse from the sequence of f-Ni,P,0,/Pt
(~0.5 pugem™, 1.5 wt %), Pt NP (1.2 pg-em™), and f-
Ni,P,0,/Pt (~0.25 pg-em™2, 0.5 wt %) electrocatalysts. At
—10 mA-cm™?, the overpotentials are 28, 111, 232, and 460
mV, respectively (Figure 7D), this considers only the electrode
geometric area. Importantly, the Pt NP (1.2 ﬂg~cm_2)
electrocatalyst, which had approximately the same amount of
Pt as the B-Ni,P,0,/Pt (~1.0 ugcm ) electrocatalyst,
showed much worse electrocatalysis than f-Ni,P,0,/Pt
(~1.0 pug-cm™?), reinforcing the need of very well-distributed
Pt NPs inside the “cages” of the -Ni,P,O; structure (Scheme
S1), with the lower limit of Pt amount to the f-Ni,P,O,/Pt
electrocatalyst to present higher HER activity being found as
~1.0 ﬂg-cm_z.

EIS experiments in different overpotentials were conducted
at GC- and GR-modified electrodes (Figure 7E,F and Figure
S11). In an overpotential of 50 mV and GC-modified
electrodes (Figure 7E), the resistance to charge transfer (R.,)
is enormous to the #-Ni,P,0,/GC electrode (~340 kQ), ~50
kQ to f-Ni,P,0,/Pt(~0.25 pug-cm ™, 0.5 wt %)/GC electrode,
and ~8.4 kQ to Pt NPs (1.2 ug-cm™2)/GC electrode, and
improved enough to A-Ni,P,0,/Pt(~0.5 ug-cm™, 1.5 wt
%)/GC electrode (~780 ), and definitively improved to f-
Ni,P,0,/Pt(~1 pug-cm™2, 3.0 wt %)/GC electrode (~500 Q).
In GR-modified electrodes (Figure 7F), the R is also high to
P-Ni,P,0,/GR electrode (higher than 2.7 kQ) and ~374 Q to
p-Ni,P,0,/Pt(~1.0 pg-cm™2, 3.0 wt %)/GR electrode. The R,
is decreased, increasing the overpotential from 10 to SO mV as
well as changing from H,- to N,-saturated 0.5 M H,SO,
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solution (Figure S11). The increased overpotential facilitates
the charge transfer from the modified electrode to produce H,
as well as the H,-saturated 0.5 M H,SO, solution slightly
difficult the charge transfer from the modified electrode to
produce H,.

The B-Ni,P,0,/Pt(~1 ug-em 2 3.0 wt %)/GC(or GR)
electrode presents the most facilitated charge transfer to
produce H, (Figure 7E,F and Figure S11) because of the ideal
synergistic effect between the amount of Pt NPs inside of the
P-Ni,P,O, structure and their distribution on the electrode
surface.

Electrocatalytic Stability Tests. GC modified with the f-
Ni,P,0,/Pt electrode was tested for stability in H,-saturated
0.5 M H,SO, at a potential scan rate of 50 mV-s~" for 10,000
cycles between 0.0 and —0.1 V or keeping constant the
potential at —0.1 V (skipping the potential from 0 to —0.1V,
chronoamperometric experiment) and following the current
with time for 12 days (Figure $12).°” The GC electrode
modified with -Ni,P,O,/Pt was kept in stationary state, and it
was not tilted in relation to the electrochemical cell. The
chronoamperometric result is shown in Figure S12 in which
the case is observed an increase in current densities after each
initiated day of chronoamperometric experiment from in
average —1.75 until —0.50 mA-cm ™~ (stable currents) after few
hours. This increase in current densities as well as the overall
low current densities can be attributed to the GC electrode
modified with $-Ni,P,0,/Pt being kept in stationary state and
not tilted in relation to the electrochemical cell, in addition to
the constant production of H, macro- (photo in Figure S12),
micro-, and nanobubbles blocking the electrocatalytic Pt
surface on the f-Ni,P,0,/Pt electrocatalyst.

The HLS readings obtained before and after testing are
depicted in Figure 7G,H and Figure S11. To GC electrode
modified with $-Ni,P,0,/Pt, the overpotential decreased by
6% (after S000 cycles) and remained the same (after 10000
cycles) at —10 mA-cm ™ in relation to initial situation (before
cycles) and decreased 15% (after S000 cycles) and 8% (after
10000 cycles) at —20 mA-cm™2 in relation to initial situation
(Figure 7G). The overpotential remained the same (after the
12th day) at —10 mA-cm™2, and increased 10% (after the 12th
day) at —20 mA-cm™” in relation to initial situation (Figure
7H). To GR electrode modified with the p-Ni,P,0,/Pt
electrocatalyst, the overpotentials are improved after the 12th
day to linear potential scan experiments conducted in the
presence of N,- and H,-saturated 0.5 M H,SO, solution
(Figure S11).

The stability of the F-Ni,P,0,/Pt electrocatalyst was
maintained after 10,000 cycles and after 12 days of
chronoamperometric measurements and importantly, at —0.1
V, will present current densities higher than —40 mA-cm™.
The Tafel (Figure 7C) slope to GC electrode modified with
the -Ni,P,0,/Pt electrocatalyst after stability test is equal (32
mV-dec™!) to GC electrode modified with the -Ni,P,0,/Pt
electrocatalyst before stability test and j, is also equal after the
stability test (Table 1).

The B-Ni,P,0,/Pt electrocatalyst after 12 days of
chronoamperometric measurements showed a visible distance
of fringes of 0.19—0.22 nm (HR-TEM image A in Figure 3)
similar to Pt NPs (HR-TEM image A in Figure $4), mean PSD
of 13.7 + 3.9 nm (Figure S3), revealing some increase in Pt
NPs size, EDX mapping with the decreased presence of Ni and
O, and the substantial presence of Pt circled by P (Figure 4), in
addition to diffraction pattern consistent with the spots in
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distances corresponding to (111), (200), (220), and (311)
planes typical of Pt materials with fcc crystalline patterns* ="
such as Pt NP sample (Figure S4B).

The B-Ni,P,0,/Pt electrocatalyst after 12 days of
chronoamperometric measurements showed only distinguish-
able O 1s and C 1s peaks at the XPS spectrum (Figure S6),
with total carbon contribution originated from the GR support
surface and mixed contribution of support surface and the f-
Ni,P,0,/Pt electrocatalyst surface after 12 days of chro-
noamperometric measurements to oxygen. The high-resolution
Ni 2p XPS spectrum (Figure 6A) does not evidence the Ni
presence on the -Ni,P,0,/Pt electrocatalyst surface because
of the accentuated Ni dissolution after 12 days of
chronoamperometric measurements. The deconvoluted O 1s
HR-XPS spectrum (Figure 6B) to the $-Ni,P,0,/Pt electro-
catalyst surface after 12 days of chronoamperometric measure-
ments (it is visible a broad peak without deconvolution)
presents a peak assigned to Ni—O (528.7 eV) group with very
small % content (Table S6) and a peak assigned to Pt—OH
(530.5 eV) group (Figure 6B) with high % content (Table S6)
in comparison with the B-Ni,P,0,/Pt surface (Table S6),
revealing a decreased amount of Ni to the S-Ni,P,0,/Pt
surface after 12 days of chronoamperometric measurements, in
accordance with the EDX mapping response (Figure 4). The
deconvoluted P 2p HR-XPS spectrum (Figure 6C) to the f-
Ni,P,0,/Pt surface after 12 days of chronoamperometric
measurements (there is a broad peak followed by a small
shoulder without deconvolution) has been correlated to P
2ps, (1343 eV) and P 2p,, (135.5 €V) peaks with 2/1 ratio
of % content for the first in relation to the second (Table S6),
indicating also +5 state for P atoms.”” >° The displacement of
P 2p,, peak from 137.5 to 135.5 eV (f-Ni,P,0,/Pt surface in
relation to -Ni,P,0,/Pt surface after 12 days of chronoam-
perometric measurements) is an evidence of Pt being in direct
“contact” to P** species with decreased “contact” with Ni (the
amount of Ni was enough decreased) (see also EDX mapping,
Figure 4). Finally, the deconvoluted Pt 4f HR-XPS spectrum
(Figure 6D) to the f-Ni,P,0,/Pt surface after 12 days of
chronoamperometric measurements revealed two peaks
attributed to Ni 3p;/, (66.9 eV) and Ni 3p,,, (68.9 eV), in
addition to three couples (two spin-orbit split (7/2, 5/2) Pt 4f
peaks) of spin-orbit components (Pt 4f,/, and Pt 4f;,,) with
fixed separation (2.9 eV) and a relative content ratio of 0.75.
The main Pt 4f,, component is located at 71.1 eV and
corresponds to metallic Pt*® with % content of 29%
considering the two spin-orbit split.*® The other two
components were attributed to PtO (719 V) and PtO,
(732 €V)*® (Table S6). The relatively amount of Pt** and
Pt* in relation to Pt’ is not different (comparing the p-
Ni,P,0,/Pt surface after 12 days of chronoamperometric
measurements with the S-Ni,P,O,/Pt surface) from the
original amount of Pt*" and Pt*" attributed to be originate
from synthesis of the electrocatalyst in the presence of oxygen
and further contact with oxygen during washing and storage.*
Definitely, we have metallic Pt NPs in direct “contact” with
Ni** and P** species present in the f-Ni,P,0,/Pt structure
after 12 days of chronoamperometric measurements (see also
EDX mapping, Figure 4).

Additionally, the GR-modified with the pA-Ni,P,O,/Pt
electrocatalyst after 12 days of chronoamperometric measure-
ments showed decreased R, to produce H, with the increased
overpotential and in H,-saturated 0.5 M H,SO, solution
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(Figure 7F and Figure S11), with the best result of 5 Q (very
small R, value).

These combined information reflects—even occurring Ni
dissolution and loss of oxygen atoms to f-Ni,P,0,/Pt
structure—that Pt NPs surrounded (in “contact”) by P (in
addition to Ni with decreased amount in overall structure)
atoms—this ideal combination—very well distributed on the
electrode surface, keep high electrocatalytic activity toward
HER, inclusive due to the tremendous facility of charge
transfer of this combined system to produce H,.

The impressive HER electrocatalytic efficiency to the fS-
Ni,P,0,/Pt electrocatalyst can be attributed initially to the
small crystalline size of B-Ni,P,0; in comparison with
Ni,(PO,), and Ni;(PO,),". Also, (Ni;(PO,),/Pt is the best
HER catalyst than Niy(PO,), /Pt, Niy(PO,), has lower
crystalline size than Niy(PO,),’, coupled with:

(1) very well-distributed Pt NPs inside of the “cages” on the
B-Ni,P,0; structure with a crystalline pattern of 0.67 nm
in distance, helping the Volmer—Tafel mechanism—
Tafel reaction as a major rate limiting step—to liberate
very fast the Pt sites after HER. The GC-modified
electrodes with Niy(PO,),/Pt and Ni;(PO,), /Pt
electrocatalysts showed Tafel slopes corresponding to
the Volmer—Heyrovsky mechanism with Heyrovsky
reaction as a major rate limiting step, which appears to
liberate more slowly the Pt sites after HER.

the synergic effect between Pt and Ni/P (the direct
“contact” between metallic Pt NPs with Ni** and P%*
species present in the B-Ni,P,0O, structure, facilitating
enormously the charge transfer to HER by strongly
decreasing the R, from the §-Nj,P,0- to f-Ni,P,0,/Pt
catalyst) may decrease the hydrogen adsorption energy
at the Pt NP surface, facilitating the liberation of Pt sites
during HER, when compared with electrocatalysts
involving only Pt (Pt NPs, bare Pt, and Vulcan/Pt).
the structure of S-Ni,P,O, containing very well-
distributed Pt NPs inside their cages is sufficiently stable
(strong “contact” between Pt NPs and P—in addition to
Ni with decreased amount in overall structure after
stability test—atoms) in such harsh acidic environment
used in the present work because it was able to support
stationary stability tests (not tilted GC modified with /-
Ni,P,0,/Pt electrode in relation to the electrochemical
cell) involving reasonable current densities. After
stability tests the S-Ni,P,O,/Pt electrode presented
the lower R value, meaning very fast charge transfer
from the modified electrode to H, production.

()

3)

B CONCLUSIONS

In summary, hierarchically structured Ni;(PO,), was synthe-
sized by two different synthetic routes, namely, simple cost-
effective precipitation and solution combustion processes, and
B-Ni,P,0, by precipitation method. Using these as precursors,
nickel pyrophosphate and nickel phosphate/Pt composites
(Ni;(PO,),/Pt, Niy(PO,),’/Pt and p-Ni,P,0,/Pt) were
prepared by using potassium hexachloroplatinate and ascorbic
acid. The developed nickel pyrophosphate and nickel
phosphate/Pt materials were employed as a low-cost advanced
electrocatalysts for HER by water splitting. The structure
purity and surface morphology of the samples were exposed by
different analytical techniques such as XRD, FE-SEM, TEM,
HR-TEM, electron diffraction pattern, HAADF-STEM, EDX
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mapping images, EELS, FT-IR, XPS, ICP-OES, and EIS
analyses. The complete electrochemical studies exposed that
the f-Ni,P,0,/Pt electrocatalyst exhibited an excellent
electrocatalytic activity for HER in acidic solution than the
other samples with an overpotential of 28 mV at —10 mA-
cm™?, a Tafel slope of 32 mV-dec™", an j, of —1.31 mA-cm™?,
and TOF values of 1461 and 500 s™' based on ECSA obtained
from Cu,pq stripping and Cy, respectively, at an overpotential
of 100 mV. Moreover, the S-Ni,P,0,/Pt electrocatalyst
sustains a good stability for over 10,000 cycles or —0.1 V
versus RHE for 12 days. The present investigation demon-
strates that the f-Ni,P,0,/Pt material could be a promising
cost-effective electrocatalyst for H, production.
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