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Abstract: Electrodeposited Ni-W alloy coatings are considered to be one of the most suitable candi-
date coatings to replace carcinogenic hexavalent chromium coatings. In this work, Ni-W alloys are
electrodeposited from pyrophosphate baths containing different concentrations of Na, WO, 2H,O
(Cw) at 40 °C. Both Cy and the applied current density can affect the W content in the coatings. The
effect of Cyy becomes weaker with the increased current density. The Ni-W alloys with 15 4+ 5 wt.%
W (Ni-15 wt.% W) are obtained from the bath containing 40 g L~ Cyata high current of 8 A dm2,
The microhardness, corrosion resistance and hydrogen evolution reaction (HER) are measured with
a microhardness tester and an electrochemical workstation. The modified properties are studied
by heat treatment from 200 to 700 °C. The highest microhardness of 895.62 HV and the better HER
property is presented after heat treatment at 400 °C, while the best corrosion resistance in 3.5 wt.%
NaCl solution appears at 600 °C.

Keywords: anti-corrosion; coatings; Ni-W alloy; pyrophosphate; HER; electrodeposition

1. Introduction

With the development of science and technology, the corrosion resistance and other
performance requirements of materials are continuously improved [1]. In order to improve
the wear resistance and corrosion resistance of materials, materials such as nickel, cobalt,
titanium and tungsten-based alloys and ceramics are usually used as coating materials [2,3].
Many studies have also reported that nickel-based coatings improve the wear and corro-
sion resistance of the substrate [4,5], by means of physical, chemical and electrochemical
deposition. Electrodeposition is one of the most important technologies for preparing metal
and alloy coatings [6]. In recent years, the research of Ni-W and Ni-W-based coatings has
received extensive attention [7-9]. The Ni-W electroplating layer is considered to be one of
the candidates to replace hard chromium plating due to its smooth surface, high hardness,
excellent wear resistance, good corrosion resistance and low cost. It is widely used in the
protective coating of glass membranes, hydraulic parts and valves [10].

Environmentally friendly hydrogen energy is an alternative to fossil energy [11]; there-
fore, electrolytic hydrogen production technology has attracted the extensive interest of
researchers [12]. However, a high-energy consumption resulted from the high overvoltage
of the hydrogen evolution reaction (HER) limits its practical and wide application [13].
Some materials with a low HER overvoltage and low price have become a research fo-
cus [14]. For example, transition metals such as Ni, W, Co and their alloys have attracted
widespread attention in the past few years due to their richness, low cost, and high elec-
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trocatalytic performance [15]. In nickel-based alloys, Ni-W can be selected for a suitable
hydrogen production process due to its high potential and strong corrosion resistance [16].

In this work, Ni-W alloy coatings were prepared by electrodeposition in a low-
temperature pyrophosphate bath and their corrosion resistance and HER properties were
studied in detail. Heat treatment was carried out to improve their microhardness [17,18],
corrosion resistance and HER properties. The organic chelating agents, such as citric
acid, were usually added into baths to obtain Ni-W alloys with good wear and corrosion
resistance [19]. However, the organic chelating agents inevitably decompose during electro-
plating, and the electro-productions are difficult to remove completely, usually resulting in
bad coatings which peel and have a low hardness. Pyrophosphate, a carbon-free chelating
agent, is widely used in the electroplating field, while Ni-W coatings from the bath are
rarely reported [20]. Therefore, the pyrophosphate chelating agent was selected in this
work.

2. Materials and Methods
2.1. Electrodeposition of Ni-W Alloys

A pyrophosphate bath was used to prepare Ni-W coating. Table 1 lists its components
and process parameters. The bath was prepared with analytical reagents and deionized

water. The additions used were from Hunan Nano-film New Material Technology Co., Ltd.
(Changsha, China).

Table 1. Bath compositions and plating conditions for Ni-W alloy coatings from a pyrophosphate

system.
Chemicals/Parameters Values (g/L)
NiSO4-6H,O 12
NaWOy-2H,0 20, 30, 40, 50, 60
Na4P207~10H20 40
H3PO4 (85%) 10
NHj3-H,O (25-28%) ~20
Additions 20
Bath temperature 40°C
Current density 4-10 A/dm?
pH 8.5-9.0

Ni-W alloy coatings were deposited on Q235 carbon steel disks with a diameter
of 10 mm and a thickness of 2 mm in a 500 mL plating bath under a constant current
density of 4, 6, 8 and 10 A dm~2 by DC power supply (APS3005DM, ATTEN/ Antaixin,
Hangzhou Hamat Electronics Co., Ltd., Hangzhou, China) keeping the bath temperature
at 40 °C. Before electroplating, the disks were mechanically polished with SiC waterproof
sandpaper (CW-800, Shanghai Xinshangsha Abrasives Co., Ltd., Shanghai, China) and
electrochemically degreased in 40 g L~! NaOH for 10 min and rinsed with deionized water,
and then washed and activated in 10% HCI for 10 sec. The electrodeposition time was
135 min to ensure a coating thickness over 100 pm, which could meet the microhardness
measure and heat treatment. After electrodeposition, Ni-W alloy coatings were immediately
rinsed with deionized water, dried by a blow drier and placed into a self-sealing bag.

The carbon steel disks coated with Ni-W alloys were annealed at 200, 300, 400, 500,
600, and 700 °C for 2 h in a muffle furnace.

2.2. Characterization

Chemical composition of all as-prepared samples was analyzed using energy-dispersive
X-ray spectroscopy (EDX, EDX-8000, Shimadzu, Kyoto, Japan). Microscopic morphology
was analyzed by scanning electron microscope (SEM, Nova 450, FEI, Hillsboro, OR, USA).
Crystal structure was characterized by X-ray diffraction (XRD, D8 Advance, Bruker, Biller-
ica, MA, USA) using Cu K« radiation with A= 0.15406 nm between a 26 range from 30 to
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90°, at a tube voltage of 40 kV and with a tube current of 40 mA. Their average grain size
was calculated according to the Debye-Scherrer formula, d = 0.89 A/(f cos®) [21]. The grain
size here was estimated based on the (1 1 1) diffraction peak. TG-DSC (thermogravimetric
analysis-differential scanning calorimetry) tests were performed using a thermal analyzer
(STA449F3, Netzsch, Selb, GER) in air from room temperature to 800 °C. The Ni-W alloy
coating quality was 10 mg, which was stripped from a 304 stainless steel disk that had a
low adhesion and could easily fall off.

Annealed samples at over 400 °C were polished with W (14, 7 and 3.5) metallographic
sandpaper in sequence, while other samples were not polished because of the bright
surface. Then, Vickers microhardness of the coating was measured using the HV-1000A
microhardness tester (Laizhou Huayin Testing Instrument Co., Ltd., Laizhou, China). Take
an indentation load of 100 gf and a residence time of 10 s, the average value of the five
different positions was measured as the coating hardness.

2.3. Electrochemical Measurements

After a copper wire was welded on the Q235 carbon steel disks coated with Ni-W
alloys, they were sealed by epoxy resin and were successively polished with SiC (CW-600,
800 and 1000) waterproof abrasive papers to expose a Ni-W alloy surface with 0.785 cm?.
The saturated calomel electrode (SCE) and platinum plate were, respectively, used as
reference electrode (RE) and auxiliary electrode (CE) on the electrochemical workstation to
measure the electrochemical performance of the prepared electrode (working electrode,
WE)., In a 3.5 wt.% NaCl solution, the Tafel curves were carried out at a scan speed of
1 mV s~! between £250 mV of open circuit potential (OPE) and electrochemical impedance
spectroscopy (EIS) was performed with an applied AC signal amplitude of 5 mV and a
scanning frequency of 0.01 Hz to 100 kHz. In a 6 wt.% NaOH solution, the behavior of HER
was estimated using LSV electrochemical technology at a scan rate of 5mV s~!. The E (vs.
RHE, Reversible Hydrogen Electrode) potential was calculated according to the following
formula [22].

E (vs. RHE) = E (vs. SCE) + Egcg (0.241 V) + 0.0592*pH

3. Results and Discussion
3.1. Electrodeposition of Ni-W Alloys

Figure 1a shows the EDX spectra of Ni-W alloy coatings prepared at current densities
of 4,6,8 and 10 A dm~2 from the pyrophosphate bath containing 40 g L~! Na, WO, 2H,0
at 40 °C. From Figure 1a, the characteristic peaks of the Ni and W elements all appear at
0.85 KeV and 7.47 KeV, and 1.78 KeV, respectively, implying that the co-deposition of Ni
and W has occurred.
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Figure 1. (a) EDX spectra of N-W alloy coatings prepared at different current densities from the pyrophosphate bath
containing 40 g L~! NayWO,-2H,0 at 40 °C. (b) The relationship between current density and W content in the coatings
electrodeposited from the baths containing different concentrations of Na, WO, -2H,O.
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As Figure 1b shows, in general, in 40 g L~! Na,WO, 2H,O concentration, the W
content in Ni-W alloy coatings first increase and then decrease with the increase in current
density. The Ni-W alloy coatings with about 15 wt.% W can be obtained at a wide range of
current density. When the concentration of Na, WO, 2H,O t0 20 g L~ ! decreases, the same
changing trend is also presented in Figure 1b. This is the competition of the reduction of
adsorptive species NiOH, 45 and intermediate [(Ni)p(WO4)q(PZO7)m]2(P—C1*2m), which affect
the W content, along with current density. The W content resulting from the intermediate
reduction increases and decreases because of its more positive potential and low diffusion
rate, respectively. In the high Ni bath, this change trend was also observed by Suvorov
et al. [20]. They considered that the electrochemical reduction of Ni ions was carried out
through three subsequent reactions, while the deposition of W could be induced by means
of the Ni adsorptive species [20,23]. That is, the NiOH,45 was further reduced by two
routes of (3) and (6), and the competition between them led to the change in tungsten
content:

[Ni(P207),]°” + OH™ — P,07* + [Ni(OH)(P207)° ~aqs 1)
[Ni(OH)(P207)]? ags + € — NiOH,qs + P ,0;*~ 2)
NiOH,4s + e~ — Ni’ + OH~ 3)

NiOH, g5 + WO,2 ~ — [WO, (NiOH)] ? 45 (4)

[WO, (NIOH)]? ~ 45 + €~ — [WOy4 (Ni)] 2 ~ 445 + OH™ (5)
[WO, (Ni)]? ~ags + 4H,O + 6~ — W + Ni® + 8OH ™~ (6)

However, in the bath containing 60 g L~ Na,WO, 2H,0 (the mole ratio of Ni and W
in the bath is 1:4), the W content in coatings were hardly unchanged by the current density.
Deposition of W may be induced by means of the mixed complex, similarly to the ternary
complex of [(Ni)p(WO4)q(Cit)m]2(P—q—1-5m) in the citrate system [7]. The ternary complex is
an active species, with the lower reduction potential, so Equation (7) is the main reduction
process. Therefore, the W content in the coatings is almost a constant:

[(ND)p(WO4)q(P207)m *P972™ + 4sH,O + (65 + pe” —sW? +p Ni’+ (q-s)WO4? ~ + 8sOH ™ + mP,07*~ 7)

Figure 2 shows the SEM images of Ni-W alloy coatings prepared in the bath containing
40¢ L1 NayWO, 2H,0 at different current densities of 4, 6, 8 and 10 A dm~2; the SEM
image of the Ni-W alloy coating prepared in 20 g L~! and 60 g L~! Na,WO4 2H,O bath
is shown in Figure S1. It can be seen that the surface morphology of these Ni-W coatings
is compact and flat without cracks. The morphology of the bright and compact Ni-W
alloy coatings is mainly controlled by additives. The Ni-W alloy without additives has a
honeycomb structure, as shown in Figure S2.

Figure 3 presents the XRD pattern of the as-deposited Ni-W alloy prepared in the
bath containing 40 g L1 Na,WO, 2H,0 at 4, 6, 8 and 10 A dm 2. It can be seen that the
main X-ray diffraction wide peak of the Ni-W coating appears at 20, between 40 and 47°,
suggesting that it has a partly amorphous structure. The remaining two weak diffraction
peaks are presented at about 26 = 50.9 and 75.2°. These three diffraction peaks can be
assigned to the FCC Ni phase (JCPDS No: 04-0850). Due to the larger atomic radius of
W, the introduction of W results in the 26 shift to a low angle, indicating a bigger lattice
parameter. Compared with the NijyW3 alloy (JCPDS No: 65-4828), the characteristic peaks
are more positive because of the lower W content. The XRD patterns of 20 g L~! and
60g L~! NayWO, 2H,0 baths are shown in Figure S3. It can be seen that the coating with a
low tungsten concentration has a good crystallinity, and the current density will also affect
the crystallinity of the coating.
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Figure 2. SEM images of Ni-W alloy coatings prepared from the pyrophosphate system at a temperature of 40 °C, at
different current densities of (a) 4, (b) 6, (c) 8 and (d) 10 A dm~—2.
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Figure 3. The XRD patterns of as-deposited alloys prepared at 4, 6, 8, and 10 A dm~? current

densities.

3.2. Heat Treatment of Ni-15 wt.% W Alloy

After the continuous application of the Ni-W alloy electrodeposition bath was com-
pleted,a40 g L1 C,, bath, which controls C,, more effectively in situ, was selected to
prepare a Ni-15 wt.% W alloy coating for its subsequent characterization.

The heat treatment of the Ni-15 wt.% W alloy was carried out in the air at 200 to
700 °C. Figure 4 shows its TG(Thermogravimetric analysis) and DSC(Differential Scanning
Calorimetry) curves, and the insets are the photos of the Ni-15 wt.% W alloy annealed
at different temperatures for 2 h. From the TG curve, it can be seen that, at less than
500 °C, the Ni-15 wt.% W alloy did not become heavier, suggesting an antioxidant property
of the alloy below 400 °C. From the insets it can be observed that the bright surface was
maintained at 200 and 300 °C and became slightly orange at 400 °C, while at 500 °C its
surface was oxidized to a brown color and the weight slightly increased. Although the
oxidation became violent when increasing the annealed temperature, the weight increment
was still less than 2.5 % until 800 °C. The exothermic behavior of the DSC curve for
Ni-15 wt.% W alloy could be clearly seen, because the amorphous structure was crystallized
to release heat. When over 500 °C, the heat flow increased rapidly, resulting from the surface
oxidization of the alloy.



Coatings 2021, 11, 1262

6 of 12

05 108
500°C 600°C 700°C
0.0 _ e {106
"o DSC ' 4104
0.5+
= TG~
% B 100 X
S 145 Jos &
o 1.5 O
a 204 200°C 300°C 400°C 196
4 ’i‘v' i ' {04
201 DDG {92
30 90

0 100 200 300 400 500 600 700 800
Temperature/ °C

Figure 4. TG and DSC curves of theNi-15 wt.% W alloy.

Figure 5 shows the XRD pattern evolution of the Ni-15 wt.% W alloy along with the
annealed temperature. It can be difficult to see that the (1 1 1) peak has increased when
the annealed temperature is below 500 °C, suggesting that a fine grain is formed during
the transformation from the amorphous to the nanocrystalline structure. The (1 1 1) peak
rapidly grows up at 500 °C and 600 °C, forming coarse grains. At the same time, the (22 0)
and (2 0 0) peaks also become strong, implying that the phase is closer to the FCC Ni phase
(JCPDS No: 04-0850). Although the oxidation of the Ni-15 wt.% W alloy occurs at 500 °C
and 600 °C according to the TG data, the new phase peaks do not appear, indicating that
the very thin oxide layer is formed. The result is consistent with that of TG. At 700 °C, the
forming thick oxide layer resulting in weaker diffraction peaks, and thus new diffraction
peaks appear at 30.7 and 36.3°, as the magnified XRD pattern shows in Figure 5. According
to the Debye-Scheller formula, the grain size of the strongest peak of the (1 1 1) crystal plane
was calculated, and the results are listed in Table 2. It can be observed that the increase
in the annealing temperature from 200 °C to 400 °C corresponds to the slow growth in
grain size from 10.23 nm to 12.96 nm, and the temperature rapidly increases to 26.21 nm at
500 °C and 36.03 nm at 600 °C.

" |. | , L . N NiWO0y4:15-0755
co11) ¢~1113 (go2) . o
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- & Ao
. 700°C
=
-] A 600°C A
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|
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Figure 5. The XRD pattern evolution of theNi-15 wt.% W alloy along with the heat treatment

temperature.
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Table 2. Grain size of Ni-15 wt.% W alloy as-deposited and annealed.

T/°C 20/° B/r° d/nm
As-deposited 43.849 0.629 13.46
200 43.89 0.828 10.23
300 43.849 0.689 12.29
400 43.747 0.653 12.96
500 43.748 0.323 26.21
600 43.789 0.235 36.03
700 44.034 0.451 -

3.3. Microhardness of Ni-15 wt.% W Alloy

Below 500 °C, the Ni-15 wt.% W alloy surface is compact, flat and without cracks, so the
microhardness is directly measured. The optical indentation images of the Ni-15 wt.% W alloy
as-deposited and annealed at 300 and 400 °C are shown in Figure 6a—c, respectively. Although
there is a slight oxidation at 400 °C, the diamond indentation shapes are clearly observed. It is
found that the Ni-15 wt.% W alloy does not crack under the pressure of the diamond indenter,
suggesting a good ductility. As shown in Figure 6d, the microhardness value of the sample
was displayed. The microhardness of Ni-15 wt.% W as-deposited alloy coating at 534 HV
was similar to the reported value of 460-740 HV [24]. When the annealed temperature was
increased from 200 °C to 300 °C, the microhardness increased slowly and then rapidly reached
the maximum of 895 HV at 400 °C. In contrast, the higher published value of Ni-21 at.% W
was 1005 HV [25], but this was still higher than the value of 650-800 HV studied by Haj-Taieb
et al. [26]. This difference is mainly caused by the difference in W content. Because the growth
of the Ni-W crystal phase promotes grain refinement and is strengthened according to the DSC
and XRD data, it promotes the increase in microhardness, as evidenced by the results of many
reports [7,18,27]. When the annealed temperature is higher than 400 °C, the microhardness
slightly decreases because of the coarse crystals.

35 pm
——
1000
900 (d)
EE 800 ‘////’
% 700 -
g 6001 —
; 500 = Annealed Time:
5 2h
S 4004
.U
5§ 300
200

T

0 100 200 300 400 500 600 700 800
T/ °C

Figure 6. Indentation optical images of Ni-15 wt.% W alloy coating (a) as-deposited, (b) annealed at
300 °C and (c) annealed at 400 °C. (d) The microhardness curve annealed at different temperatures of
from 200 to 700 °C in air for 2 h.
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3.4. Electrochemical Properties of Ni-15 wt.% W Alloy Coating

The corrosion resistance of Ni-15 wt.% W alloy coating was estimated by Tafel curves
and EIS spectra measured in the 3.5 wt.% NaCl solution, adding a base material of Q235
carbon steel disks (Fe) as a test for comparison. As Figure 7 and Figure 54 show, the
corrosion potential (Ecorr) was clearly and positively shifted after the Ni-15 wt.% W alloy
was electrodeposited on the Q235 carbon steel disks, implying an improved corrosion
resistance [28]. Along with the increase in the annealed temperature, the positive potential
increment (AE) also increased. At 600 °C, AE dramatically improved because of the
surface oxidization. The corrosion potential and current (Icorr) were analyzed by the Tafel
extrapolation method, and the results are shown in Table 3 and Table S1. I decreased
with the annealed temperature, indicating a corrosion resistance improvement. This was
attributed to the passivation of the Ni-W coating [29,30].

-0.14
-0.2 1
. -0.3 1
= -0.4 1
= ]
= 0.5
5 J —o— As-deposited
< 061 —o—200°C
pc_‘ -0 7_' —O0—Fe
o —m—400°C
-0.8 600°C
-0.9 +—F——"7"—"7F—"-+—"—"—7F—"——7—"—"TF—"
9 8 7 6 5 -4 3 2
-2

log I/ A cm

Figure 7. Tafel curves of Ni-15 wt.% W coatings as-deposited and annealed at different temperatures
in air for 2 h.

Table 3. Corrosion resistance of Ni-15 wt.% W alloy coatings as-deposited and annealed.

Sample T/°C Icorr/MA.cm—2 Ecorr (vs. SCE)/mV AEcore/mV
Fe - 5.71 -611 0
As-deposited 4.45 -447 164
Ni-W alloy 200 2.33 -440 171
coating 400 2.02 -386 225
600 1.91 -349 262

Figure 8a and Figure S5 show the EIS spectra of the Ni-15 wt.% W alloy coatings.
All Nyquist curves present a flat semicircle which indicates that the Fe, as-deposited and
annealed Ni-W alloy coatings have undergone the same corrosion reaction process. The
different semicircle sizes indicate that the difficulty and speed of the corrosion reaction are
different [31]. Fitting through the equivalent circuit diagram of Figure 8b, the results are
shown in Table 4 and Table S2: where R is the charge transfer resistance, Rs is the solution
resistance, CPE; is the electric double layer capacitor, CPE; is the coating capacitor and
R¢ is the coating resistance [32]. It can be seen that the R is largely improved from about
1000 to over 20,000 Q) cm?, after coating the Ni-W alloy in the Fe substrate, indicating that
the coatings improved corrosion resistance [33]. Moreover, this value was much higher
than the reported value (5619 Q2 cm?), and so the corrosion resistance was better than the
value reported in [29]. At 600 °C, the brown oxide layer further increased the Rct, implying
a better corrosion resistance.
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Figure 8. (a) Nyquist plots of as-deposited and annealed Ni-15 wt.% W coated on Fe substrates.
(b) Equivalent circuit diagram.

Table 4. EIS spectrum fitting results of Ni-W coating in 3.5 wt.% NaCl solution.

o Rs/ CPE;-T/ R¢/ CPE,-T/ Rt/
Sample T/(°C) Q em? F cm-2 CPE;-P Q em? Fem-2 CPE,-P Q em?
Fe - 5.42 0.00059 0.76 27.61 0.0022 0.90 958
- 5.39 0.000039 0.84 12.25 0.0000050 1.09 21,468
Ni-W alloy 200 5.74 0.000033 0.85 5.17 0.0000086 1.05 22,547
coating 400 5.79 0.000026 0.86 1291 0.0000018 1.10 20,561
600 5.87 0.000044 0.86 20.62 0.0000015 1.16 37,552

The electrocatalytic HER performance of the Ni-15 wt.% W alloy coating was assessed
in 6 wt.% NaOH solution by LSV electrochemical technology. The results are shown in
Figure 9. As Figure 9 shows, the Ni-15 wt.% W alloy coating prepared by the pyrophosphate
system exhibits a good catalytic activity. It requires an overpotential of 0.55 V to drive a
current density of 100 mA cm~2, which is lower than that of Fe (0.59 V) and much higher
than that of Pt (0.17 V). The HER activity of the compact and flat Ni-15 wt.% W alloy
coating was slightly better than that of the surface of the relatively flat Ni-W alloys [34-37]
(see Table 5); as it is affected by the roughness [38], it is weaker than the nanostructured
and porous Ni-W alloys [22]. The alloys” HER activity can be further improved along with
the annealed temperature, suggesting that the crystallization material is better than that
of the amorphous structure. This is due to the elimination of the internal stress and an
increased grain growth, which positively influence the hydrogen absorption capacity of
Ni-W coating. However, at 600 °C, the HER activity becomes weaker, which is attributed
to the surface oxidation state.

04
N -40 1
£
<9
g NiW-600
—— NiW-400
=-80+ —— NiW-200
As-deposited
——Fe
—Dpt
-120 T T T
-0.6 -0.4 -0.2 0.0
Potential/ V vs RHE

Figure 9. HER of Ni-15 wt.% W alloy in 6 wt.% NaOH solution as-deposited and annealed at different
temperatures. For comparison, the HER curves of Fe and Pt electrodes are shown.
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Table 5. Comparison of HER over-potential of Ni-W alloys at 20 mA cm 2 (1)59) and 100 mA cm 2
(M100)-

NO. N20/V N100/V Microstructure Reference
Compact, flat
1 0.41 0.55 and without This work
cracks.
2 0.56 0.73 Micro-cracks [34]
3 0.47 0.56 Micro-cracks [35]
4 0.47 0.54 Smooth, flat, [36]
micro-cracks
5 - 0.56 Nodular [37]

4. Conclusions

In summary, the compact and flat Ni-15 wt.% W alloy without cracks was electrode-
posited from a pyrophosphate system at 40 °C and presented a high microhardness,
excellent oxidation resistance, excellent corrosion resistance and good HER activity. The
Ni-15 wt.% W coating had a microhardness of 534 HV at room temperature and 895 HV
at 400 °C, attributed to the nanocrystalline structure transformed from its as-deposited
amorphous structure. Compared with the bare Fe substrate, the as-deposited and annealed
Ni-15 wt.% W coatings possessed an improved corrosion resistance, for example, at 600 °C,
the coating positively shifted to —349 mV and AEqr is 262 mV. The low Icorr 0of 1.91 pA
cm~2 and high Rt of 37,552 Q cm? for the sampled annealed at 600 °C implied an excellent
corrosion resistance, attributed to the surface oxidation in the air in a high temperature
environment, while the best HER activity appeared at an intermediate temperature of
400 °C, attributed to the joint effect of the nanocrystalline structure formation and surface
oxidation.
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10.3390/ coatings11101262/s1, Figure S1: SEM images of Ni-W alloy coatings prepared from the
pyrophosphate system at a temperature of 40 °C, at different current densities of (a) 4, (b) 6, (c) 8 and
(d) 10 A dm~2 in 20 g L~1 Na,WOy 2H,0 bath, and at different current densities of (e) 4, (f) 6, (g) 8,
and (h) 10 A dm~2 in 60 g L~1 Na,WO, 2H,0 bath, Figure S2: SEM images of nickel-tungsten alloy
obtained in an additive-free bath, Figure S3: XRD patterns of as-deposited alloys prepared at current
densities of 4, 6, 8 and 10 A dm~2 in dif-ferent bath concentrations (a) 20 g L~! Nay,WO, 2H,0 and
(b) 60 g L~! Na, WO, 2H,0, Figure S4: Tafel curves of Ni-15 wt.% W coatings as-deposited and
annealed at different temperatures in air for 2 h, Figure S5: Nyquist plots of annealed Ni-15 wt.% W
coated on Fe substrates, Table S1: Corrosion resistance of Ni-15 wt.% W alloy coatings as-deposited
and annealed, Table S2: EIS spectrum fitting results of Ni-W coating in 3.5 wt.% NaCl solution.
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