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Abstract: Phosphorus-modified tungsten nitride/reduced gra-
phene oxide (P-WN/rGO) is designed as a high-efficient, low-
cost electrocatalyst for the hydrogen evolution reaction (HER).
WN (ca. 3 nm in size) on rGO is first synthesized by using the
H;[PO(W50,),] cluster as a W source. Followed by phospho-
rization, the particle size increase slightly to about 4 nm with
a P content of 2.52 at %. The interaction of P with rGO and
WN results in an obvious increase of work function, being
close to Pt metal. The P-WN/rGO exhibits low onset over-
potential of 46 mV, Tafel slope of 54 mVdec™, and a large
exchange current density of 0.35 mAcm™ in acid media. It
requires overpotential of only 85 mV at current density of
10 mAcm™, while remaining good stability in accelerated
durability testing. This work shows that the modification with
a second anion is powerful way to design new catalysts for
HER.

Hydrogen, as a clean renewable energy source of fuel, is
one of the most promising energy carriers for replacing
traditional fossil fuels."! Electrolysis of water is considered the
simplest way to produce hydrogen of high purity at the most
economical price.”! An efficient hydrogen evolution reaction
(HER) catalyst is usually required to reduce the overpotential
(n) in the HER process. The ideal catalysts for the HER
should achieve the large exchange current and the small Tafel
slope. Pt is the most popular catalyst, with high exchange
current density (j,), small Tafel slope and robust stability."!
However, the use of Pt is limited owing to its scarcity and high
cost, which push forward the intensive study on the cost-
effective alternative to Pt catalyst.

Low-cost and active HER catalysts have been explored,
such as cheap metal Ni, Ni-based alloy, sulfide, selenide, and
non-metal composites.! MoS,, as the earliest and represen-
tative non-Pt catalyst for the HER, can usually give an 7 in the
range of 100-200 mV. By the rational tuning of cations and
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anions, active catalysts can be designed, such as CoS,, FeS,
NiS, CoSe,, MoSe,, and MoN."! Transition-metal phosphides
(TMPs) are an important class of catalyst owing to their wide
range of compositions, crystal structures, and accessible
electronic states.'’ Most recently, the phosphides (Ni,P, CoP,
FeP) as active and robust HER catalysts were demonstrated,
which open a new area in designing HER catalysts."! The
promising activity of phosphides is considered to be related
with the function of P; that is, it possess lone-pair electrons in
3p orbitals and vacant 3d orbitals, and can induce local charge
density and accommodate the surface charge state.”

The tungsten-based compounds are an important family
of catalysts. The combination of W with S, C, N, and P can
form active catalysts useful for methanol oxidation, the ORR,
and DSSCs.”) WN (W,N) are known as original hydro-
desulfurization (HDS) catalysts owing to their Pt-like char-
acteristics.!'”’ The reversible binding and dissociation of H,
represents a possible mechanistic commonality of HDS and
HER, implying that the WN should be potential catalyst for
HER. The similar electronic structure of W with Mo has also
supported the speculation. Theoretical calculations predict
that the hydrogen is inclined to adsorb on the metal nitride
surface, making the reaction easily happen. Recently, amor-
phous W,N nanoparticles (NPs) have been developed as
a catalyst for the HER in acidic solutions, but with relative
low activity.'"!l Therefore, ways to enhance the catalytic
activity of tungsten-nitride based HER catalysts remains
a challenge. We wondered whether a rational modification of
P on WN can be used to enhance the activity of tungsten
nitride catalysts based on the vital function of phosphorus in
the HER and the influence of P on the electronic state of
metal elements, thus giving a significant effect on catalytic
properties.®! Small-size WN (ca. 3 nm) on rGO is selected as
amodel to test this idea. We found that the P modification can
lead significant enhancements in catalytic activity and stabil-
ity for the HER in acidic media. The P-modified WN/rGO (P-
WN/rGO) exhibits a very small onset overpotential of 46 mV,
low Tafel slope of 54 mVdec™', and large exchange current
density of 0.35 mAcm 2 Furthermore, it requires an over-
potential of only 85 mV at a current density of 10 mA cm 2
Recently, Jaramillo and Kibsgaard have shown that the
replacement of P in MoP with S anions can produce more
active catalyst, namely MoP | S."! Our work shows that the
rational modification with secondary anions is powerful way
to design active and stable catalysts for HER, further
verifying the importance of anions for HER.
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The P-WN/rGO was prepared by phosphorization of
small-sized WN (ca. 3nm) on rGO (WN/rGO) by using
NaH,PO, as P source (see the Supporting Information). The
use of the small-sized WN/rGO to obtain small-sized P-WN/
rGO is based on the consideration that the small size will
provide a highly accessible surface, thus promoting the
catalytic activity of the materials. X-ray diffraction (XRD)
patterns (Supporting Information, Figure S1) show the char-
acteristic peaks of graphite!™™ for P-rGO, and reflections of
crystalline hexagonal WNI' for WN/rGO. The great sup-
pression of the strong (002) peak of rGO can be attributed to
the loading of WN with high density and good crystallinity.
The P-WN/rGO shows similar peaks with WN/rGO while
there is no obvious diffraction of WP. However, in comparison
with WN/rGO, the peaks have a small shift towards smaller
angles, implying the introduction of the larger anions (P) than
N.

The state of P in P-WN/rGO are analyzed by X-ray
photoelectron spectroscopy (XPS). The wide-scan spectrum
(Supporting Information, Figure S2) shows the presence of P
in P-WN/GO, along with the elements O, C, N, and W. The
high-resolution XPS spectrum (HRXPS) of P (Figure 1a) can
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Figure 1. XPS spectra of a) P, b) W, ¢) C, and d) N in P-WN/rGO.

be mainly deconvoluted into two sub-peaks located at 133.3
and 134.4 eV, ascribed to the P—C and P—O bond, respec-
tively." The peak related with P combined with W' (about
130.1 eV) is not obvious. However, after overlaid three sets of
parallel XPS data of P2p, a peak at 130.1 eV assigned to the
P—W can be observed (Supporting Information, Figure S3).
The HRXPS of W also shows the obvious peak about W
combined with P (Figure 1b), implying the presence of
interaction of W with P. For P-rGO, the binding energy of
P-C (BE,.) and P-O (BE,,) can be seen at 132.5 eV and
133.8 eV, respectively (Supporting Information, Figure S4a).
The positive shift of 0.8 eV for BE,_ and 0.6 eV for BE;
are obvious by comparing P-WN/rGO with P-rGO. The result
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indicates that the electrons in P can be transferred into WN in
P-WN/rGO." The increase of electrons on WN can facilitate
the absorption of H* for subsequent HER. Furthermore, the
intensity ratio of P—C and P—O peaks for P-WN/rGO is larger
than 1, but it is much less than 1 for P-rGO. The content of P—
C in P-WN/rGO and P-rGO is about 1.4 at% and 0.5 at%
based on quantitative results from XPS. The result suggests
that more phosphorus atoms are incorporated into the carbon
framework in P-WN/rGO, which should be favorable for
enhancing the activity in electrocatalysis."* The percentage of
P is about 2.52 at% for P-WN/rGO, which is much higher
than 1.25 at % for P-rGO. The P can also be detected in WN/
rGO (0.53 at%). The P should be from the H;[PO,(W;0y),]
(PW,,), which is a reason of choosing PW,, as precursor
(Supporting Information, Figure S4b). The amount of P in P-
WN/rGO is higher than sum of that in WN/rGO and P-rGO,
implying that the presence of WN is favorable for fixing of P.
The HRXPS of C and O indicates the presence of P—C
(Figure 1¢) and P-O (Supporting Information, Figure S4c),
further supporting the results from P spectra. The presence of
N with dominant N—W bond can be observed (Figure 1d),
indicating that WN is the main phase of the W component.

The combination of the above investigations indicates that
the P-WN/rGO is formed by the nitridation and subsequent
phosphorization of PW,,. In the process, the GO support also
underwent some change. As is known, the relative intensity
ratio of D and G bands is a measure of disorder degree of
carbon materials."”’ As shown in the Supporting Information,
Figure S5, the intensity ratio of D/G peak (Ip/l;) of P-WN/
rGO (0.98) is larger than those of P-rGO (0.80) and WN/rGO
(0.94). The higher value of I,/I; of P-WN/rGO than of WN/
rGO is contributed to the formation C—P bond that induced
additional structural disorder."® The increase of I/I5 of P-
WN/rGO in comparison to that of P-rGO contributes to the
strong interaction of NPs with support. The result also implies
the introduction of P into WN/rGO and presence of the
interaction between P with WN and rGO, which should be
favorable to improve the activity of P-WN/rGO.

The scanning electron microscopy (SEM) image and
transmission electron microscopy (TEM) images of P-WN/
rGO reveal the formation of the small-sized and high-
dispersed particles on GO with high density (Figure 2). A
high-resolution TEM (HRTEM) image and FFT show the
lattice fringes with a d spacing of 0.25 nm, corresponding to
the (100) plane of WN (Figure 2c). The particles are mainly in
4 nm in size (Figure 2c,d). The size is slightly larger than that
about 3nm in WN/rGO (Supporting Information, Fig-
ure S6a), which should be due to the aggregation and
growth under the phosphorization process. When the same
procedure is performed without use of rGO, particles with
a size of about 50 nm are obtained (Supporting Information,
Figure S6b), indicating the importance of rGO to restrict the
growth of WN. The role of rGO should be relative with their
special plane structure and plentiful groups, which are
suitable for the growth of NPs!'*?! and the role of modified
PEI on anchoring PW,, clusters.”"

For the HER process, the electrons on the catalyst will
react with H* to form H atoms. A good catalyst should trap
more electrons to facilitate the occurrence of the reaction.

Angew. Chem. 2015, 127, 64236427
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Figure 2. a) SEM image of P-WN/rGO. b),c) TEM images of P-WN/
rGO. The insets in (c) are a HRTEM image (upper) and a FFT
spectrum of the WN. d) Size distribution of NPs in P-WN/rGO.

The surface work function represents the ability of catalyst to
trap electrons. The Pt metal have excellent catalytic proper-
ties for the HER owing to its high work function, which is
favorable to trap electrons.”?'! The work function is effected by
the surface modification with atom and molecules. The role of
P modification is confirmed by a scanning Kelvin probe test
(SKP). The SKP is an extremely sensitive instrument capable
of discerning subtle molecular interactions using vibrating
electromagnetic and acoustic fields. SKP images of materials
can give signals that indicate a distinct potential change,
which signifies a remarkable work-function change (Support-
ing Information, Figure S7). The work function values of P-
WN/rGO, WN/rGO, P-rGO, and Pt black are about 5.58, 5.43,
5.38, and 5.60 eV, respectively. The higher work function of P-
WN/rGO than WN/rGO implies the enhanced ability to trap
the electrons after P modification. Notably, the work function
of P-WN/rGO is close to that of Pt, implying the large
potential of P-WN/rGO as promising like-Pt catalyst for
HER.

The catalytic performance for the HER were tested by
depositing the catalysts with the same loading of approx-
imately 0.337 mgcm ™ on a glassy carbon electrode (GCE; see
the Supporting Information). Five catalysts, including P-WN/
rGO, WN/rGO, P-rGO, GO, and commercial Pt/C (20 wt %),
were examined. Figure 3a shows the polarization curves
without IR compensation. The Pt/C catalyst shows excellent
HER activity. Although GO gives poor performance, the P-
rGO have improved activity with an onset overpotential (vs
RHE) of 197 mV, indicating the positive role of P modifica-
tion for the HER. It is seen that WN/rGO reveals a large
cathodic current density with a small onset overpotential of
114 mV. As expected, the P-WN/rGO exhibits an onset
overpotential of 46 mV, which is more superior to the
corresponding WN/rGO. The current densities are 2 and
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Figure 3. a) Polarization curves for P-WN/rGO, WN/rGO, P-rGO, Pt/C,
and GO in 0.5m H,SO, with a scan rate of 5 mVs™". b) Tafel plots for
P-WN/rGO, WN/rGO and Pt/C. (c) CVs for P-WN/rGO with different
rates from 20 to 200 mVs™". The inset in (c) is the capacitive current
at 0.35 V as a function of scan rate for P-WN/rGO (Ajo=Jj.—j.)-

d) Polarization data for the P-WN/rGO sample in 0.5m H,SO, initially
and after 500, 1000, 2000, and 5000 CV sweeps between + 0.1 and
—0.3 V vs RHE. The inset in (d) is the time dependence of the current
density for P-WN/rGO at a static overpotential of 120 mV for 20 h.

10 mA cm™ at overpotential of 56 and 85 mV, respectively, for
P-WN/rGO, whereas WN/rGO needs an overpotential of
265mV to reach a current density of 10 mAcm ™2 It was
determined by XPS that the P accounts about 37 % of the
total amount of P and N atoms in P-WN/rGO (Supporting
Information, Table S1). Despite the lower amount of P, its
modification can dramatically enhance the catalytic perfor-
mance of WN/rGO. The value for P-WN/rGO is better than
those of Mo (W)-based and some phosphide catalysts in acidic
media, such as MoS,/RGO, WS,, Mo,C, NiMoNx/C,
Coy¢Mo, N,, W,C, Cu;P, MoP, and Ni,P*7 (Supporting
Information, Table S2). Furthermore, P-WN/rGO gives an
exchange current density of 0.35 mA cm™ (Supporting Infor-
mation, Figure S8). It is higher than that of WN/rGO
(0.16 mA cm™?) and most values for non-noble-metal HER
catalysts (Supporting Information, Table S2). The Tafel plots
are fit to the Tafel equation # = blog(j) +a, where j is the
current density and b is the Tafel slope, yielding Tafel slopes
of approximately 30, 54, and 118 mVdec ™' for Pt/C, P-WN/
rGO, and WN/rGO (Figure 3b), respectively. The Tafel slopes
for both P-WN/rGO and WN/rGO catalysts do not match the
expected Tafel slopes of 29, 38, and 116 mV dec ' correlating
with a different rate-determining step of HER, revealing that
the HER proceeds through a Volmer-Heyrovsky mecha-
nism. 7!

The electrochemical surface area is used as an approx-
imate guide for surface roughness within an order-of-magni-
tude accuracy.” To estimate the effective surface areas, we
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measured the capacitance of the double layer at the solid—
liquid interface. The cyclic voltammograms (CVs) were
collected in the region of 0.2-0.5V, where the current
response should be only due to the charging of the double
layer (Figure3c). The capacitance of P-WN/rGO is
32mFcm %, which is much higher than WN/rGO
(11 mFem™%; Supporting Information, Figure S9). Thus, the
large exchange current density of P-WN/rGO can be asso-
ciated with its high surface area.

Accelerated degradation test is performed to evaluate the
stability. CV sweeps between +0.1 and —0.3 V are applied.
After 5000 CV sweeps, the LSV curve exhibits 34 mV loss at
current density of 10 mA cm? (Figure 3d). In contrast, for
WN/rGO, a significant loss of 111 mV had occurred after the
5000 cycles (Supporting Information, Figure S10). The inset in
Figure 3d shows the time dependence of the current density
for P-WN/rGO at an overpotential of 120 mV, suggesting that
the catalyst maintains 92 % of the initial current density for
20 h of test. For WN/rGO, however, only approximately 80 %
of the current density were maintained in the same period
(Supporting Information, Figure S10, inset). These results
suggest that P-WN/rGO has superior stability in a long-term
electrochemical process.

The superior HER activity of P-WN/rGO can be attrib-
uted to the following reasons. As indicated by work function,
differential charge distinct interfacial polarization occurs
after the modification of P atoms into the WN/rGO, resulting
in substantial negative charges on the surface of catalyst. For
the HER (2H" +2e =H,), the increase of electron density
on the catalyst surface surely improves the reaction activity.
Thus, H" are more easily adsorbed on the surface of P-WN/
rGO with abundant negative charges to produce H,. The
small size of the WNNPs in the hybrid favors also the
exposure of more active sites for H" adsorption, as well as the
excellent electrical conductivity of rGO support facilitates
charge transfer in the hybrid.

In summary, we have demonstrated that P-modified WN/
rGO can be used as active, low-cost, non-noble metal
electrocatalyst for theHER. The catalyst exhibits a superior
activity with a low onset overpotential of 46 mV, Tafel slope
of 54mVdec!, a large exchange current density of
0.35 mA cm 2 and good stability. The enhanced performance
of P-WN/rGO should be relative with the interaction of P
with rGO and WN. Also, we think that the performance of P-
WN/rGO can be further improved by loading the catalyst on
Ti plate'” with high loading, or by growth of the catalyst on
carbon cloth to form a 3D catalyst.”?#! Further work is under
way. Our work shows that the modification with second
anions is powerful way to design robust catalysts for the HER.

Keywords: electrocatalysis - hydrogen evolution reaction -
phosphorus - reduced graphene oxide - tungsten nitrides
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