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Self-Supported Cu;P Nanowire Arrays as an Integrated High-Perfor-
mance Three-Dimensional Cathode for Generating Hydrogen from

Water**
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Abstract: Searching for inexpensive hydrogen evolution
reaction (HER) electrocatalysts with high activity has attracted
considerable research interest in the past years. Reported herein
is the topotactic fabrication of self-supported Cu;P nanowire
arrays on commercial porous copper foam (Cu;P NW/CF)
from its Cu(OH), NW/CF precursor by a low-temperature
phosphidation reaction. Remarkably, as an integrated three-
dimensional hydrogen-evolving cathode operating in acidic
electrolytes, Cu;P NW/CF maintains its activity for at least
25 hours and exhibits an onset overpotential of 62 mV, a Tafel
slope of 67 mV dec™, and a Faradaic efficiency close to 100 %.
Catalytic current density can approach 10 mAcm™
overpotential of 143 mV.

at an

H ydrogen has been proposed as the principal energy carrier
in the hydrogen-economy paradigm.!'! Its widespread use can
reduce our dependence on fossil fuels and benefit the
environment by reducing greenhouse gas emissions. Electrol-
ysis of water is a simple and promising method for hydrogen
production. Usually, efficient electrocatalysts for the hydro-
gen evolution reaction (HER) are required to achieve high
current density at low overpotential. Although platinum-
group metals are currently the state-of-the-art hydrogen-
evolving catalysts,”) the scarcity and high cost of platinum
limit their wide use.’! The strongly acidic conditions in
proton-exchange membrane (PEM) technology need acid-
stable catalysts for PEM-based electrolysis units.! Abundant
nickel-based alloys are commercially used as HER catalysts,
but they are not stable enough to operate in acidic environ-
ments.””! These limitations have motivated significant research
efforts to develop acid-stable nonprecious-metal HER cata-
lysts, and significant progress has been indeed made toward
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this goal in the past years. Molybdenum- and tungsten-based
compounds are an exciting family of such catalysts with great
success, including MoS,, MoSe,, Mo,C, MoB, NiMoN,,
CoysMo, ,N,, and WS,, etc.[’]

Transition-metal phosphides (TMPs) are an important
class of compounds with metalloid characteristics and good
electrical conductivity,” and have been intensively studied for
the application as catalysts for the hydrodesulfurization
(HDS) reaction.”®! Because HDS and the HER work in the
same way, in that they both rely on the reversible binding of
the catalyst and hydrogen, with hydrogen dissociation to yield
H,S in HDS and with protons bound to the catalyst to
promote hydrogen formation in a HER,"! it is deduced that
TMPs may be active for the HER. Recent research, indeed,
has proven Ni,P, FeP, CoP, and MoP to be efficient hydrogen-
evolving catalysts.!'”

For electrochemical measurements and practical applica-
tions, one has to use polymer binder (nafion or PTFE) to
immobilize the catalysts of interest on electrode surfaces. The
whole process, however, is time-consuming and the polymer
binder may block active sites and inhibit diffusion, thus
leading to reduced effective catalytic activity.""! This problem
can be solved by designing binder-free hydrogen-evolving
cathodes where the active phases are directly grown on
current-collecting substrates. Specifically, self-supported
arrays of one-dimensional (1D) nanostructures on current
collectors is particularly interesting owing to their vectorial
electron-transport property.”? Indeed, Chen etal. have
recently demonstrated the conformal coating of MoS, on
MoO; nanowires directly attached to a fluorine-doped tin
oxide conductive substrate, and when used as a HER cathode,
this integrated structure shows excellent catalytic activity and
stability."¥!

Herein, we report on our recent efforts in developing
a novel self-supported Cu;P nanowire arrays on porous
copper foam (Cu;P NW/CF) by topotactic conversion from its
Cu(OH), NW/CF precursor. The Cu(OH), NW arrays were
directly grown on commercial CF by a room-temperature,
wet-chemical route first, with a subsequent low-temperature
phosphidation reaction (see the Experimental Section for
details). As an integrated three-dimensional (3D) cathode for
generating hydrogen from acidic water, the Cu;P NW/CF
maintains its activity for at least 25 hours and shows an onset
overpotential (1) of 62 mV, a Tafel slope of 67 mV dec ™, and
nearly 100% Faradaic efficiency (FE). An overpotential of
143 mV is needed to afford a catalytic current density of
10 mAcm™. Both the Cu center (67) and the proximal
pendant base P (67) are believed to be responsible for the
hydrogen evolution.
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The CF changes in color from reddish brown to blue after
surface oxidation by ammonium peroxodisulfate (APS) under
alkaline conditions with a subsequent color change to black
after phosphidiation treatment at 250°C (see Figure S1a in
the Supporting Information). Figure 1a shows the X-ray
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Figure 1. a) XRD patterns of Cu(OH), NW/CF and Cu;P NW/CF. Top-
view low- (b) and high-magnification (c) SEM images of Cu(OH),
NW/CF. d) Side-view high-magnification SEM image of Cu(OH), NW/
CF. Top-view (e) and side-view (f) high-magnification SEM images of
Cu;P NW/CF. TEM images of Cu(OH), (g) and Cu;P (h) nanowires.

i) HRTEM image of Cu;P nanowire. j) STEM image and the corre-
sponding EDX elemental mapping images of P and Cu for Cu;P
nanowire.

diffraction (XRD) patterns of the precursor on CF before
(bottom curve) and after (top curve) phosphidiation. The
precursor shows diffraction peaks characteristic of Cu(OH),
(JCPDS No. 35-0505).1! In contrast, only peaks correspond-
ing to Cu;P can be observed for the resulting copper
phosphide (JCPDS No. 71-2261)."! The strong peaks at
43.4°, 50.6°, and 74.6° originate from to the CF substrate
(JCPDS No. 03-1018).

Figure 1b shows the top-view low-magnification scanning
electron microscopy (SEM) image of Cu(OH), on CF, thus
showing that the entire surface of the CF is covered uniformly
by a densely packed Cu(OH), nanowires (Figure S1b). A
close view of such nanowires (Figure 1c¢,d) reveal they extend
vertically from the CF with diameters of about 300-400 nm
and lengths of up to several micrometers. These observations
suggest the formation of Cu(OH), nanowire arrays supported
on CF. Hou et al. have reported that oxidation of copper foil
by APS under alkaline conditions generates aligned Cu(OH),
nanoribbons and concluded that the interactional stress in the
layers of distorted Cu(OH), octahedra urges the lamellar
sheets to form Cu(OH), nanoribbons.'®! The formation of
Cu(OH), NWs on CF in our present study may adopt a similar
growth mechanism.

After phosphidation, the 1D morphology is still preserved
(Figure 1e,f). The corresponding energy dispersive X-ray
(EDX) spectrum (see Figure S2 in the Supporting Informa-
tion) verifies the 3:1 atomic ratio between Cu and P.
Figures 1g,h present the transmission electron microscopy
(TEM) images of one single Cu(OH), and Cu;P nanowire,
respectively, thus showing the smooth surface of Cu(OH),
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becomes rough after phosphidation. The high-resolution
TEM (HRTEM) image taken from the Cu;P nanowire
(Figure 1i) shows well-resolved lattice fringes with an inter-
planar distance of 0.200 nm corresponding to the (300) plane
of Cu;P™ The scanning TEM (STEM) image and the
corresponding EDX elemental mapping images of P and Cu
for Cu;P nanowire are shown in Figure 1j, further revealing
that both P and Cu elements are uniformly distributed in the
whole nanowire. All these results clearly confirm the success-
ful topotactic synthesis of Cu;P NWs/CF by low-temperature
phosphidation of its Cu(OH), NW/CF precursor. The top-
otactic conversion of Cu(OH), NWs into Cu;P NWs could be
explained as follows: the Cu(OH), NWs are reduced to Cu
NWs by PH;, generated in situ from thermally decomposed
NaH,PO,,!"! and the resulting Cu subsequently catalyzes the
decomposition of PHj; into elemental P, which further reacts
with Cu NWs to form Cu;P NWs.'® It is important to mention
that the phosphidation of CF leads to Cus;P-microparticle-
coated CF (Cu;P MPs/CF), as shown in Figure S3 of the
Supporting Information. Also note that the skeletal structure
of the CF was maintained completely throughout the
fabrication process, thus enabling its direct use as an
integrated 3D cathode for generating hydrogen from water.

Figure 2a shows the polarization curve of Cu;P NW/CF
(Cu,P loading: 15.2 mgem2) in 0.5M H,SO, with a scan rate
of 2mVs™\. Blank CF and Cu;P MP/CF (CusP loading:
15.3 mgcem2) were also examined for comparison. Blank CF
shows poor HER activity with an onset overpotential () of
310 mV. In sharp contrast, Cu;P NW/CF is significantly active
for the HER with an onset overpotential as low as 62 mV, and
additional negative potential leads to rapid rise of the
cathodic current. Note that Cu;P MP/CF also functions as
a hydrogen-evolving cathode but with a much larger onset
overpotential (190 mV). The Tafel slope is about 67 and
96 mV/dec for CusP NW/CF and CusP MP/CF, respectively
(Figure 2b). The Tafel slope for commercial 20 % Pt/C was
measured to be about 30 mVdec™!, and is consistent with
a previous report.'%! These results suggest superior catalytic
activity of Cu;P NW/CF over Cu;P MP/CF. The Tafel slopes
for Cu;P-integrated electrodes reveal the HER proceeds by
a Volmer—Heyrovsky mechanism.!'” In addition, Cu;P NW/
CF needs overpotentials of 79, 143, and 276 mV to achieve
current densities of 1, 10, and 100 mA cm™, respectively.
These values compare favorably to most of reported values
for nonplatinum HER catalysts in acidic aqueous electrolytes
(see Table S1 in the Supporting Information).

By using the extrapolation method on the Tafel plots (see
Figure S4 in the Supporting Information), the exchange
current density (j,) of CusP NW/CF is calculated to be
~0.18 mAcm~>, which is 4.5 times that of CusP MP/CF
(~0.04 mAcm™?). The exchange current density is usually
expressed in terms of projected or geometric surface area and
depends on the surface roughness. The electrochemical
surface area can be used as an approximate guide for surface
roughness within an order-of-magnitude accuracy.?”! To
estimate the effective surface areas of Cu;P NW/CF and
Cu;P MP/CF, we measured the capacitances of the double
layer at the solid/liquid interface of both electrodes.”"! The
cyclic voltammograms (CVs) were collected in the region of
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Figure 2. a) Polarization curves for blank CF, Cu;P NW/CF, and Cu;P
MP/CF in 0.5m H,SO, with a scan rate of 2 mVs™'. b) Tafel plots for
CusP NW/CF, CusP MP/CF, and Pt/C.

0.15-0.25 V, where the current response should only be due to
the charging of the double layer (Figure 3). The capacitance
of Cu;P NW/CF and Cu;P MP/CF is 77.8 and 4.1 mFcm™,
respectively, thus indicating Cu;P NW/CF has a much higher
surface roughness than Cu;P MP/CF. Thus, the large exchange
current density of Cu;P NW/CF can be associated with its
high surface area.l*?

We also examined the durability of Cu;P NW/CFE. As
shown in Figure 4, after continuous CV scanning for 3000
cycles in 0.5mM H,SO, at a scan rate of 100 mVs™, the
polarization curve shows negligible difference compared with
the initial one. The inset of Figure4 shows the time-
dependent current density curve for Cu;P NW/CF under
a static overpotential of 200 mV. After a long period (25 h),
the current density only shows slight degradation, which could
be due to the consumption of proton in the system and the
hindrance of the reaction by hydrogen bubbles remaining on
Cu;P NW/CF. Thus, this 3D electrode has superior stability in
the long-term electrochemical process compared to defect-
rich ultrathin MoS, nanosheets,’® amorphous MoS,,'**¢ and
Ni,P nanoparticles.!'

The superior catalytic performance and stability of the
Cu;P NW/CF cathode could be attributed to the following:
1) the direct integration of Cu;P NWs onto CF enables good
mechanical adhesion and electrical connection between

Angew. Chem. Int. Ed. 2014, 53, 9577 —9581

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

o
~
-
(6]
!

Cu,P NW/CF

Current density (mA/cm?)
[¢,]

§ "[Cu,P MPCF
-10 T os
2
£ o0
-15 E
T s
€
-20 2
3 014 0s 0ls 020 022 024 026
25 Potential (V vs. RHE)

T T T T T T T
014 016 018 020 022 024 026 028 030

Potential (V vs. RHE)

Cu,P NW/CF

Cu,P MP/CF

T L L B B
0O 20 40 60 8 100 120 140 160 180
Scan rate (mV/s)

Figure 3. a) CVs for Cu;P NW/CF and Cu;P MP/CF (inset). b) The
capacitive currents at 0.20 V as a function of scan rate for Cu;P NW/
CF and Cu,P MP/CF (Ajo=j,—j.).

them; 2) the good intrinsic electrical conductivity of CusP”
favors fast electron transport along the nanowire; 3) the
nanowire array format not only allows fast vectorial electron
transport,'”” but increases catalyst loading, thus leading to
improved catalytic efficiency;®! 4) the nanoscale dimension
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Figure 4. Polarization curves of Cu;P NW/CF in 0.5m H,SO, initially
and after 3000 CV scanning between +0.1 and —0.3 V vs. RHE. Inset:
time-dependent current density curve for Cu;P NW/CF under static
overpotential of 200 mV for 25 h.
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and high aspect ratio of Cu;P NWs maximizes the number of
exposed active sites and improves catalytic activity per
geometric area;™ 5)its 3D porous configuration allows
easy diffusion of the electrolyte and thus more efficient
utilization of active sites in Cu;P?! Besides, the self-
supported nature of Cu;P NW/CF also avoids the use of
polymer binder.

The generated gas was confirmed by gas chromatography
(GC) analysis and measured quantitatively using a calibrated
pressure sensor to monitor the pressure change in the cathode
compartment of a H-type electrolytic cell. Potentiostatic
cathodic electrolysis was performed by maintaining Cu;P
NW/CF at an overpotential of 200 mV for 90 minutes. By
comparing the amount of measured hydrogen with calculated
hydrogen (assuming 100% FE), we observe a FE close to
100% for the hydrogen evolution (see Figure S5 in the
Supporting Information).

Figures S6a and S6b in the Supporting Information show
the X-ray photoelectron spectroscopy (XPS) data for the 2p
spectra in the Cu(2p;,) and P(2p) regions for Cu;P nanowires.
One peak is apparent at 932.9 eV in the Cu(2p;;,) region,
along with two peaks at 129.5 and 134.0 eV in the P(2p)
region. The peaks at 932.9 and 129.5eV are close to the
binding energies for Cu and P in Cu;P, and the peak at
134.0 eV for P can be assigned to oxidized P species arising
from superficial oxidation of Cu,P as a result of air contact.®!
The survey spectrum (Figure S6¢) confirms the existence of
oxygen in the sample. The Cu 2p;, binding energy of 932.9 eV
is positively shifted from that of metallic Cu (932.6 eV; see
Figure S7a in the Supporting Information) while the P 2p has
a lower binding energy (129.5¢eV) than red P (130.0eV;
Figure S7b).>%! Tt suggests that the Cu has a partial positive
charge (6) but the P has a partial negative charge (0"), thus
implying transfer of electron density from Cu to P A metal
complex HER catalyst incorporates proton relays from
pendant acid-base groups, positioned close to the metal
center where hydrogen evolution occurs,” and the active
sites for hydrogenase also feature pendant bases proximate to
the metal centers.””) Our recent work show CoP and MoP as
highly active HER catalysts consist of the metal center (")
and the pendant base P (67) close to it."%* Given that Cu;P
is also rich with metal centers (Cu; ") and pendant bases (P;
07) positioned close toit, it is believed that it adopts a catalytic
mechanism similar to that of metal complex, hydrogenase,
CoP and MoP catalysts for the HER. The Cu and basic P act
as the hydride-acceptor and proton-acceptor center, respec-
tively, thus facilitating the HER.’*!® The P could also
facilitate the formation of copper hydride for subsequent
hydrogen evolution by electrochemical desorption.”!

It is important to note that the phosphidation temperature
has a heavy influence on the HER activities of the catalysts.
Figure S8 in the Supporting Information shows the polar-
ization curves for these catalysts in 0.5M H,SO, with a scan
rate of 2mVs L. To achieve a current density of 50 mA cm 2,
it needs overpotentials of 439 mV, 232, 313, and 504 mV for
the catalyst obtained at 220, 250, 270, and 300 °C, respectively.
Figures S9 and S10 in the Supporting Information show the
XRD patterns and SEM images of the products. A lower
temperature of 220°C leads to incomplete phosphidation
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while complete topotactic conversion occurs upon annealing
at 250°C. Further increase of the annealing temperature also
exclusively gives CusP products. However, the Cu;P nano-
wires start to undergo coalescence at 270°C or even change
into porous film of microparticles at 300°C. Thus, both
effective phosphidation of a Cu(OH), precursor and success-
ful construction of nanowire arrays are key for high HER
activity.

In conclusion, self-supported Cu;P nanowire arrays on
porous CF has been derived successfully from topotactic low-
temperature phosphidation of its Cu(OH), NW/CF precursor
for the first time. When used as an integrated 3D hydrogen-
evolving cathode, the Cu;P NW/CF showed excellent cata-
lytic performance and durability in acidic aqueous solutions.
The excellent electrical conductivity and low price for
metallic Cu, and the facile and scale-up preparation process,
along with its remarkable activity and long-term aqueous
stability of this 3D cathode, offer promising features for
potential use in technological devices. Although the Cu;P
NW/CF exhibits amazing catalytic performance, two major
hurdles need to be overcome for it to compete with platinum,
including long-term durability and further decrease of the
overpotential. These two issues could be mitigated by design-
ing CusP-coated conductive nanowire arrays or developing
ternary TMPs using other transition-metal elements as
promoters.’®

Experimental Section
Materials: Sodium hypophosphite (NaH,PO,) and metallic Cu were
purchased from Aladdin Ltd. (Shanghai, China). Sulphuric acid
(H,SO,), hydrochloric acid (HCI), sodium hydroxide (NaOH),
andAPS were bought from Beijing Chemical Corporation. Red
phosphorus was purchased from Xilong Chemical Co., Ltd. CF with
2 mm in thickness was supplied by Changsha Liyuan New Material
Co., Ltd. All the reagents were used as received. The water used
throughout all experiments was purified through a Millipore system.
Synthesis of Cu(OH), NW/CF: Cu(OH), NW/CF was prepared
according to reported method with minor modifications.!" Typically,
CF was firstly washed with HCI and water several times to remove the
surface impurities. The cleaned CF (1 cm x2 cm) was immediately
immersed into a 15 mL aqueous solution containing 2 mmol APS and
40 mmol NaOH at room temperature for 30 min. Then the CF with
precursor was washed with water several times and dried in air.
Synthesis of Cu;P NW/CF: To prepare Cu;P NW/CF, NaH,PO,
(0.02 g) was placed at the center of the tube furnace and Cu(OH),
NW/CF was placed at the downstream side of the furnace at carefully
adjusted locations to set the temperature and the distance between
them was measured to be about 21 cm. After flushed with Ar, the
center of the furnace was elevated to 300°C with a heating rate of
2°Cmin~" and held at this temperature for 60 min. The Cu(OH),
NWs/CF was kept at ~250°C. After naturally cooled to room
temperature under Ar, the loading for Cu;P on CF was determined to
be 15.2 mgem 2 with the use of a high precision microbalance.
Characterizations: Powder XRD data were acquired on a Riga-
kuD/MAX 2550 diffractometer with Cuy, radiation (1=1.5418 A).
SEM measurements were carried out on a XL30 ESEM FEG
scanning electron microscope at an accelerating voltage of 20 kV.
TEM measurements were performed on a HITACHI H-8100 electron
microscopy (Hitachi, Tokyo, Japan) with an accelerating voltage of
200 kV. XPS measurements were performed on an ESCALABMK 11
X-ray photoelectron spectrometer using Mg as the exciting source.
GC analysis was carried out on GC-2014C (Shimadzu Co.) with
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thermal conductivity detector and nitrogen carrier gas. Pressure data
during electrolysis were recorded using a CEM DT-8890 Differential
Air Pressure Gauge Manometer Data Logger Meter Tester with
a sampling interval of 1 point per second.

Electrochemical measurements: All the electrochemical meas-
urements were conducted in a typical three-electrode setup with an
electrolyte solution of 0.5M H,SO, using Cu;P NW/CF as the working
electrode, a graphite plate as the counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. In all measure-
ments, the SCE reference electrode was calibrated with respect to
reversible hydrogen electrode (RHE). Linear sweep voltammetry
(LSV) measurements were conducted in 0.5m H,SO, with scan rate of
2mVs™. All the potentials reported in our work were vs. RHE. In
0.5m H,SO, E (RHE)=E (SCE) +0.281 V.
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