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Abstract. We have sought to improve the electrocatalytic performance of tungsten nitride 

through synthetic control over chemical composition and morphology. In particular, we have 

generated a thermodynamically unstable but catalytically promising nitrogen-rich phase of 

tungsten via a hydrothermal generation of a tungsten oxide intermediate and subsequent 

annealing in ammonia. The net product consisted of three-dimensional (3D) micron-scale flower-

like motifs of W2N3; this architecture not only evinced high structural stability but also 

incorporated the favorable properties of constituent two-dimensional nanosheets. From a 

performance perspective, as-prepared 3D W2N3 demonstrated promising hydrogen evolution 

reaction (HER) activities, especially in an acidic environment with a measured overpotential 

value of -101 mV at a current density of 10 mA/cm2. To further enhance the electrocatalytic 

activity, small amounts of precious metal nanoparticles (such as Pt and Au), consisting of 

variable sizes, were uniformly deposited onto the underlying 3D W2N3 motifs using a facile 

direct deposition method; these composites were applied towards the CO2 reduction reaction 

(CO2RR). A highlight of this series of experiments was that Au/W2N3 composites were found to 

be a much more active HER (as opposed to either a CO2RR or a methanol oxidation reaction 

(MOR)) catalyst. 
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1. Introduction 

From the viewpoint of applications, transition metal nitrides (TMNs) are particularly 

intriguing, owing to their unique physical and chemical properties, especially in the context of 

different types of catalysis reactions,[1] including but not limited to hydrodesulfurization (HDS), 

the hydrogen evolution reaction (HER), the oxygen reduction reaction (ORR), and the methanol 

oxidation reaction (MOR).[2-4] One rationale is that the incorporation of nitrogen (or carbon) 

within the underlying transition metal framework expands the lattice, thereby enabling a 

contraction of the transition metal d-band. This favorable scenario gives rise to a greater 

electronic density of states (DOS) near the Fermi level as compared with the parent metal alone, 

with the practical consequence that TMNs possess an overall desirable catalytic activity similar 

in scope to that of less abundant and more expensive precious metals.[5] 

As a subclass of TMNs, tungsten nitride (WNx) can be generated with different phases, 

incorporating diverse chemical compositions (i.e., ‘x’ = 0.5 - 2.0), depending on the synthetic 

protocols involved. It has been reported that the metal-to-nitrogen ratio within TMNs 

significantly impacts upon their properties; specifically, the high nitrogen content as manifested 

in an abundance of metal-nitrogen bonds is likely responsible for the improved catalytic activity 

of nitrogen-rich TMN.[6] However, the conventional synthesis of nitrogen-rich WNx tends to 

involve rather harsh conditions, i.e. high temperature and high pressure conditions; this is 

necessary, because integrating nitrogen atoms within an underlying W lattice is 

thermodynamically unfavorable under ambient conditions.[7] These serious issues with synthesis 

therefore render the equally important issue of desirable morphology control as an even more 

laborious and challenging task, especially at high temperatures and pressures.  
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Not surprisingly, W2N3, the most nitrogen-rich phase within the WNx family, was only 

recently synthesized, but under relatively challenging high pressure and temperature (P-T) 

synthesis (5 GPa and 1223 K) conditions; the isolated morphology consisted of irregular 

plates.[7] Since then, a similar high P-T metathesis protocol was recently used to generate the 

corresponding W2.25N3. Moreover, a different ambient pressure, template-based process, 

incorporating a high-temperature annealing step, yielded 2D W2N3 flakes.[6, 8] Given this prior 

literature, there are obvious limitations associated with generating TMNs in general and tungsten 

nitrides in particular, under reasonably mild synthesis conditions with simultaneous control over 

both desired chemical composition and morphology. Specifically, there is an apparent scarcity of 

reliable synthetic processes necessary for fabricating nitrogen-rich W2N3.  

To address these issues, herein, we are reporting on the nitridation of transition metal 

oxides (TMO) as a plausible means of simultaneously and reliably tuning both morphology and 

chemical composition. An added advantage of our protocol is the ability to generate catalytically 

favorable mesopore features on the surfaces of our products, due to volume shrinkage in 

proceeding from TMO to TMN, via a high-temperature annealing step.[9]  

In terms of relevant prior work, it was previously reported that W2N3 could be obtained 

by annealing hexagonal-phase tungsten oxide within an ammonia atmosphere; such a process 

had been used to generate cracked nanosheet motifs.[10] Nevertheless, according to previous 

studies, only two-dimensional (2D) motifs of W2N3 structures (i.e., plates and nanosheets) have 

been generated using this procedure. Whereas 2D materials (such as graphene) possess 

interesting structure-dependent opto-electronic and catalytic properties, these desirable 2D motifs 

unfortunately tend to aggregate, because of attractive van der Waals interactions between 

adjacent planes. This is a serious, practical issue, because spatially well-dispersed samples are 
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often needed to reliably incorporate and take advantage of 2D materials within the context of 

functional, macroscopic-scale devices.[11]   

Therefore, in this study, we have synthesized morphologically well-defined motifs of 

hexagonal-phase WO3, itself prepared by a hydrothermal reaction, as an initial intermediate. As 

an interesting synthetic modification, it should be noted that K+ was introduced into the reaction 

mixture during the hydrothermal process. The presence of that cation likely assisted in the 

formation of three-dimensional, flower-like W2N3 motifs during the annealing procedure, 

because K+ has previously been reported to enable the growth of ‘flower-like’ WN.[12] Hence, 

by constructing a novel 3D flower-like motif of W2N3 incorporating 2D sheets as basic building 

blocks, we not only promote overall structural stability but also retain the favorable, interesting, 

and inherently unique properties of 2D materials. 

We have tested the relevance and activity of our tungsten nitrides in the context of a 

number of significant electrocatalytic reactions including HER and the CO2 reduction reaction 

(CO2RR). It is worth recalling that electrochemical water splitting proceeds via HER at the 

cathode, and involves the breakage of water molecules to form hydrogen gas. By contrast, 

CO2RR represents a means in which CO2 can be converted into useful, value-added carbon-

containing species at the cathode. 

Hence, a key motivation for investigating tungsten nitrides herein has been the idea of 

replacing conventional catalyst and support materials with potentially novel systems evincing 

higher efficiency, lower cost, and greater selectivity.[13-15] In particular, the problems with 

conventional Pt–based catalysts used for these processes not only center on their relatively low 

abundance and high cost but also revolve around their tendency to either aggregate or 

contaminate during the actual electrocatalytic reactions themselves. Moreover, whereas carbon 
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(in its many formulations, such as carbon black, graphene, and carbon nanotubes) is commonly 

used as an underlying support material, due to its excellent electronic conductivity and high 

surface area,[16] it can also unfortunately easily oxidize, thereby resulting in issues associated 

with poor durability and stability.  

As mentioned earlier, tungsten nitride does indeed evince reasonable activity as a 

functional electrocatalyst. Specifically, within the family of various WNx materials, the one 

incorporating a 1: 1 ratio of W to N demonstrated promise as an effective HER, ORR, and MOR 

catalyst. Furthermore, W2N was also found to be a decent ORR catalyst, and its performance was 

enhanced in the context of W2N/reduced graphene oxide composites.[17] By contrast, W2N3 has 

only been reported as an HER catalyst in one instance.[6] From this limited prior literature, it is 

evident that though tungsten nitride can inherently give rise to potentially good activity, however, 

its measured activity alone is not necessarily comparable with that of precious metals such as Pt.   

Hence, as a promising strategy with which to improve the electrocatalytic performance of 

tungsten nitrides, we have deposited relatively small amounts of precious metals (i.e., Pt and Au) 

onto their external surfaces. The reasoning behind this strategy is that a relatively low loading of 

precious metals immobilized onto an underlying nitride platform would not only be cost-

effective but also induce a reasonable and comparable measured activity (due to beneficial, 

synergistic metal – metal nitride interactions) with respect to pure precious metal catalysts alone.   

Accordingly, in our experiments herein, in terms of describing our catalytic advances 

herein, we have predicted and found that (i) our nitrogen-rich, three-dimensional, flower-like 

W2N3 motifs would exhibit excellent activity towards HER under both alkaline and acidic 

conditions.[2, 18] (ii) Second, with respect to CO2 reduction, to the best of our knowledge, the 

intrinsic performance of tungsten nitride has not been reported thus far, mainly because tungsten 
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nitride possesses an inherently high activity towards HER, which directly competes with CO2 

reduction. Hence, in this context, our findings are clearly interesting and novel for this reaction. 

Moreover, an analogue of tungsten nitride, i.e. tungsten carbide, has previously been studied as a 

support for several transition metals in the context of CO2 reduction.[19] However, the use of 

tungsten carbide was reported to suffer from issues emanating from corrosion and instability 

under neutral and alkaline environments.[20] Hence, we have demonstrated that tungsten nitride 

may represent a reasonably stable support for deposited, immobilized precious metals for the 

CO2 reduction reaction. Furthermore, in an attempt to broaden the functional flexibility and 

scope of our as-prepared materials within the context of electrocatalytic reactions, we have tested 

not only the performance but also the stability of our W2N3 materials by creating composite 

catalysts in which Pt was deposited onto the underlying nitride surface in the context of MOR. 

The data associated with this set of experiments are presented in the SI section.   

Overall, we should emphasize that our novel synthetic advances presented in this paper 

have included the production of not only (i) novel, nitrogen-enriched three-dimensional (3D) 

micron-scale flower-like motifs of W2N3 composed of constituent two-dimensional nanosheets 

but also (ii) Pt/W2N3 and Au/W2N3 composite catalysts, constructed by directly depositing small 

and well-dispersed Pt or Au nanoparticles onto as-prepared W2N3 flower-like aggregates with 

controlled metal loading amounts. The latter have been subsequently applied toward CO2RR, as 

a possible means of enhancing electrocatalytic activity, stability, and selectivity.  

 

2. Experimental section 

2.1. Synthesis of Tungsten nitride flower-like motifs 
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 In order to synthesize the nitrogen-rich phase of W2N3, we needed to generate hexagonal 

WO3 as precursors. Specifically, 0.577 g sodium tungstate dihydrate (Na2WO4•2 H2O, Sigma 

BioUltra, ≥ 99.0%) and 0.0767 g potassium sulfate (K2SO4, Baker Chemical, 99.9%) were 

dissolved in 10 mL deionized (DI) water by magnetic stirring for 5 minutes so as to form a 

transparent solution. Subsequently, different amounts of 3.0 M hydrochloric acid (HCl, volume = 

0.75 mL, 1.0 mL, 1.25 mL, 1.5 mL, and 2.0 mL, Fisher Scientific, NF/FCC Grade) were added 

into the above mixture dropwise, until the mixture color had turned into a milk-white hue. Then 

this homogenous suspension was subsequently transferred to a 25 mL stainless steel autoclave, 

which was held at a temperature of 180°C for 12 hours. Thereafter, the resulting light-blue 

products were isolated by centrifugation, and then washed with both water and an ethanol 

reagent (VWR Chemicals, 95% purity for washing purposes) for several times. After the 

resulting powder product was dried under vacuum, it was annealed in argon at 450 °C for 3 

hours. We then switched the gas to a more reductive 100% ammonia composition, heated the 

mixture to 700°C with a ramping rate 2°C min-1, and held it for 3 hours under an NH3 flow of 

125 sccm. Eventually, a black tungsten nitride powder was obtained, after the tube furnace was 

cooled down to room temperature and flushed with Ar, prior to the sample’s removal.  

2.2. WN particle synthesis 

WN powders used as the control sample in HER experiments were prepared from a 

tungsten (VI) chloride (99.99%) precursor (Sigma Aldrich). The synthesis procedure used was 

adapted from a prior reported protocol.[21] Specifically, these metal chloride powders were 

added to 100 mL of chloroform (>99.5%, Sigma Aldrich) to which 100% ammonia (99.995%, 

Praxair Distribution) was continuously bubbled in until the chloroform had completely 

evaporated. Then the powders were transferred to a quartz boat, which was subsequently inserted 
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into a horizontal quartz tube furnace. Thereafter, the reaction was initiated by introducing 100% 

ammonia at ambient pressure, which was flowed in at 150 sccm. The furnace was ramped from 

room temperature to 700°C at a rate of 2°C min-1. Then the temperature was held at 700°C for 4 

h. Ultimately, the furnace was cooled to room temperature under an NH3 flow, and then purged 

with argon gas, prior to sample removal from the furnace. 

2.3. Precious metal deposition 

2.3.1. Platinum NPs on Tungsten Nitride Nanosheets  

 Platinum nanoparticles have been deposited onto tungsten nitride microflower motif via a 

simple, rapid, and relatively non-destructive direct deposition method.[22] Specifically, to 

prepare specific weight percentages of relatively small Pt nanoparticles deposited onto tungsten 

nitride, 30 mg of well-ground tungsten nitride powder was dispersed in 30 mL DI water with 

sonication for 5 minutes so as to form a homogeneous mixture. As an illustrative example, an 

initial quantity of hexachloroplatinic acid hydrate (H2PtCl6•6 H2O, Alfa Aesar, 99.9%) solution 

with a concentration of 0.2 wt.% was added to the tungsten nitride dispersion with magnetic 

stirring. The above mixture was subsequently stirred for 15 min; then 30 mL of a sodium 

borohydride (NaBH4, 0.05 M, Alfa Aesar, 98% powder) solution was added in slowly. After 

reacting for 2 hours, the resulting black products were collected by centrifugation, washed with 

water and ethanol for three times, and finally dried under vacuum. Following the same type of 

protocol, composites created by depositing 5 wt. % Pt and 1 wt.% Pt onto tungsten nitride were 

also correspondingly synthesized.  

2.3.2. Gold NPs on Tungsten Nitride Nanosheets  

The procedure involving gold nanoparticle deposition onto tungsten nitride was similar to 

that of the analogous platinum deposition process, as described in the previous section. Briefly, 
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30 mg well-ground tungsten nitride powder was dispersed in 60 mL DI water by sonication. At 

the same time, as an illustrative example, a gold precursor solution was prepared in which a 

small quantity of gold(III) chloride (AuCl3, Alfa Aesar, 64.4%) with a concentration of 0.2 wt.% 

was dissolved within 10 mL of DI water, so as to form a resulting 0.25 mM precursor solution. 

Thereafter, small amounts of gold precursor solution were quickly added into the tungsten nitride 

dispersion with vigrous magnetic stirring. After 10 min of reaction, the sample was isolated by 

centrifugation and washed with water in order to remove any remaining Au precursor. Using the 

identical methodology, the corresponding 5 wt.% and 10 wt.% Au-tungsten nitride composite 

samples were synthesized. 

2.4. Characterization  

2.4.1. X-ray diffraction 

Powder X-ray Diffraction (XRD) patterns were used to confirm both the sample 

composition and crystallinity. Specifically, the tungsten nitride sample was initially dispersed in 

an ethanol solution and then deposited onto a zero background holder (MTI Corporation, Zero 

diffraction plate for XRD, B-doped, p-type Si, 23.6 mm in diameter by 2 mm in thickness) prior 

to drying in air. The XRD pattern was obtained using a Rigaku Miniflex diffractometer in the 

range of 10° to 80° with a scanning rate of 15° min-1. 

2.4.2. Scanning electron microscopy 

Data on the morphology and size of the as-prepared sample were acquired by means of 

scanning electron microscopy (SEM). The SEM sample was prepared by depositing aliquots of 

the sample dispersion in question in ethanol onto a silicon wafer following by drying in air, prior 

to characterization with a Hitachi 4800S instrument. 

2.4.3. Transmission electron microscopy 
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With the aim of not only verifying the presence of but also characterizing the particle size 

and distribution of as-deposited precious metal particles, transmission electron microscopy 

(TEM) was utilized. In preparing the TEM sample, a dilute sample dispersion in ethanol was 

initially prepared by sonication. Subsequently, an aliquot of the sample was dropped onto a 

carbon-coated copper grid and dried in air. The TEM image was taken using a JEOL 1400 LaB6 

TEM instrument, operating at an accelerating voltage of 120 kV and equipped with a 2048 × 

2048 Gatan CCD camera. To obtain precise lattice and crystallographic information, high-

resolution TEM (HRTEM) images were obtained as well using a JEOL 2100F instrument, 

running with an accelerating voltage of 200 kV. 

2.4.4. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was used to determine the elemental 

composition of the as-prepared sample and to study the valence states of different elements on 

the sample surface. Specifically, the XPS sample was prepared by depositing the sample 

dispersion onto a silicon wafer (measuring 1 cm ×1 cm). The characterization process was 

conducted using a home-built XPS system with Al Kα radiation (1486.6 eV) as the X-ray source, 

using the SPECS Phoibos 100 electron energy analyzer as the electron detector. 

2.4.5. Electrochemical characterization  

1. Hydrogen evolution reaction (HER) 

 A three-electrode system was constructed in order to evaluate the HER performance. 

Accordingly, different electrolytes, namely 0.5 M H2SO4 and 0.1 M KOH, were prepared for the 

purposes of creating acidic and basic environments, respectively. These concentrations were 

typically chosen to simulate the environment within either acidic proton exchange membrane or 

alkaline anion exchange membrane cells, respectively. The counter electrode consisted of 
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graphite paper, and the reference electrode was a saturated calomel electrode. The working 

electrode was prepared immediately prior to the measurements themselves. The catalyst ink was 

drop cast onto a glassy carbon electrode and subsequently air dried, prior to testing. Specifically, 

an ink with a concentration of 2 mg mL-1 was prepared by dispersing catalysts into a 50/50 (v/v) 

isopropanol and water solution, containing 0.5 wt. % Nafion as the binder, in order to render a 

final catalyst concentration of 2 mg mL-1. The total catalyst loading on the 5 mm glassy carbon 

disks was 30 µg. Once the cell was constructed, catalysts were repeatedly scanned, until the 

profiles of successive cyclic voltammetry (CV) scans were stabilized and could be replicated in a 

process that typically lasted 20 scans. These CVs were used to equilibrate samples after being 

stored in air, and these data were acquired between the range of 0.05 and 0.5 V vs RHE. 

Thereafter, linear sweep voltammetry (LSV) scans were swept from 0 to -0.7 V (vs. RHE) for 

the HER measurements.  

2.  CO2 reduction reaction 

 The electrochemical CO2 reduction performance was assessed using a three-electrode 

system with an H-shaped cell, consisting of two chambers separated by a Nafion 117 membrane. 

The electrolyte was prepared by bubbling CO2 gas into a 0.25 M sodium carbonate (Na2CO3, 

99.999%, Sigma Aldrich) solution for 12 hours so as to create a resulting 0.5 M sodium 

bicarbonate (NaHCO3) solution with a final pH measured at 7.35. The cell was filled almost to 

the top with this electrolytic solution, with a remnant gap of ~12 mL. To prepare the 

corresponding working electrode, appropriate quantities of catalysts were dispersed into an 

isopropanol solution, containing 0.5 wt. % Nafion as the binder, so as to render a final catalyst 

concentration of 2 mg mL-1. After sonication, the homogeneous catalyst ink was deposited onto 

the carbon paper. The working electrode and reference electrode (saturated calomel electrode) 
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were placed into the cathodic chamber of the reaction cell, whereas the corresponding counter 

electrode (graphite) was inserted into the anodic chamber.  

 The working electrode was cycled for 10 cycles between 0.05 to 1.20 V (vs. RHE). After 

this process, LSV curves were obtained by scanning the working electrode from 0 to -1.2 V (vs. 

RHE) with a scan rate of 100 mV sec-1 until a reproducible signal was acquired. Subsequently, 

five additional CV scans were collected from a range of 0.05 to 1.20 V (vs. RHE) while under 

CO2 bubbling conditions, so as to remove any products generated during the previous LSV scan. 

To evaluate the catalysts’ performance, the working electrode was held at each constant voltage 

condition, in a process otherwise known as, chronoamperometry, for a period of 20 min. Before 

conducting each CO2 electrolysis run, the reference electrode was calibrated by using a hydrogen 

electrode (Hydroflex, EDAQ). Upon completion of the CO2 electrolysis reaction, the products of 

CO2RR were analyzed by using a gas chromatography (GC, Agilent, 7890B) instrument, 

equipped with two columns (Plot-Q and Molsieve), a thermal conductivity detector (TCD), and a 

flame ionization detector (FID), respectively. The gas was examined internally within the GC 

apparatus itself. The GC was calibrated by using standard gases (Airgas), containing components 

such as but not limited to CO (5%), H2 (2.7%), methane (5%), and ethane (5%). 100 µL of the 

as-produced gas was collected from the empty space of the cathodic chamber and injected into 

the gas chromatography to quantify the resulting gas products. The cell was then re-opened, 

bubbled in with CO2, sealed, and taken to the next potential for the CO2RR. 

 The calculation of the Faradic efficiency and the current density are provided below.[23-

25] The Faradaic efficiency of CO (FE(CO)) was calculated with the following equations (1) - (4): 

    (1) 
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(2)     

   (3)     

    (4) 

 N(CO) (in gaseous phase) represents the CO amount within the empty headspace (12 mL) 

at the cathodic compartment of the cell. N(CO) (dissolved in the electrolyte) denotes the CO 

amount dissolved in the catholyte (60 mL), assuming that the dissolved amount obeys Henry’s 

law. The constant K(CO) refers to the molar solubility (1.774 × 10−5) of CO in water at room 

temperature. C(CO) is associated with the concentration (%) of CO in the empty headspace, which 

is determined from the GC analysis. For the FE(CO) calculation, the Faraday constant (96485 C 

mol−1) and the number of electrons (2) for a single CO production were used. The i and t 

parameters are the current (A) and electrolysis time (s), as measured by the chronoamperometry 

technique. The same procedure was used for calculating the FE of H2 (FE(H2)), except for its 

different molar solubility in water (i.e., K(H2) = 1.411 × 10−5). 

 The total current density (J(total)) and the partial current densities of CO (J(CO)) and H2 

(J(H2)) were calculated, based on the following equations (5) - (7): 

       (5) 

       (6) 

        (7) 

 Herein, A represents the geometric area of the working electrode. Most of the error bars 

within the FE and J calculations were within 3%, a finding which was attributed to the repeated 

gas analyses needed to obtain reliable gas composition data. 
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3. Results and Discussion 

3.1. Synthesis of Tungsten Nitride (W2N3) and its Composites with Precious Metals 

3.1.1. Tungsten nitride (W2N3) Synthesis 

The synthesis of W2N3 was accomplished using an initial hydrothermal reaction, 

followed by annealing in Ar and NH3 at high temperature for several hours so as to incorporate 

nitrogen atoms within an underlying tungsten lattice. As previously reported, a high-temperature 

ammonia annealing process is capable of introducing nitrogen atoms within a hexagonal WO3 (h-

WO3) lattice, thereby forming a nitrogen-rich phase of W2N3.[10] The isolation of a tungsten 

oxide phase with its corresponding morphology is highly pH-dependent, implying the 

significance of the precursor solution in affecting the resulting product shape and 

composition.[26]  

In order to obtain a pure h-WO3 precursor, the pH was controlled by adjusting the HCl 

amounts within the context of the hydrothermal reaction medium. Five different HCl amounts 

(i.e., 0.75 mL, 1.0 mL, 1.25 mL, 1.5 mL, and 2.0 mL, respectively) were tested. After 12 hours 

of hydrothermal reaction at 180°C, the XRD patterns of the resulting products are shown in 

Figure S1, Figure 1A, and Figure S2, respectively. When the introduced HCl volume was set at 

0.75 mL, W18O49 was generated (Figure S1). When that HCl volume was increased to 1.0 mL, 

hexagonal tungsten oxide was generated, as suggested by the XRD pattern shown in Figure 1A. 

Indeed, the positions of the tungsten oxide peaks match well with those of the standard XRD 

pattern (corresponding to JCPDS No. 75-2187) without any obvious impurities, a finding 

indicative of the formation of pure hexagonal WO3. With a further increase in the amount of HCl, 
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a pure orthorhombic phase of tungstate (o-WO3 • 0.33 H2O) in addition to mixed phases of 

tungsten oxide could be generated, as shown in Figure S2.  

Figure 1B highlights the XRD pattern of an as-prepared tungsten nitride sample; its peaks 

correspond well with those of the calculated hexagonal-W2N3 (h-W2N3) standard diffraction 

pattern, as reported by Wang et al., with no detectable impurities present.[7] In addition, XPS has 

been used for elemental composition analysis; the results are shown in Figure 1C and 1D. The 

survey spectrum of W2N3 present in Figure S3 shows the presence of all of the peaks associated 

with W, N, C, and O with no apparent impurity, except for the Na 1s peak, which likely 

originated from the tungsten precursor Na2WO4 used in the hydrothermal process. Figure 1C 

depicts the nitrogen 1s scan, which highlights two peaks located at 398.5 eV and 400.1 eV. The 

first peak can be ascribed to the tungsten-nitrogen bond, whereas the second one can be assigned 

to the nitrogen atoms near the nitrogen vacancies.[6, 27, 28] There are four peaks which can be 

found in the tungsten 4f scan in Figure 1D; these are located at 38.7 eV, 36.6 eV, 36.0 eV, and 

33.9 eV, respectively. In particular, the peaks at 38.7 eV and 36.6 eV can be assigned to W 4f5/2 

and W 4f7/2, respectively, indicative of tungsten-oxygen interactions, owing to the partial 

oxidation on the surface. The peaks situated at 36.0 and 33.9 eV correspond to characteristic W 

4f5/2 and W 4f7/2 signals, emanating from tungsten-nitrogen bonds. According to the XPS peak 

area and the corresponding sensitivity factor, the resulting measured atomic ratio between W and 

N is 1: 1.18, which is lower as compared with the stoichiometry of W2N3 (W: N = 1: 1.5). This 

finding is likely indicative of the presence of nitrogen vacancies within as-prepared h-W2N3, and 

agrees well with the N 1s results. In addition, XPS only provides the elemental information 

originating from the topmost ~10 nm of the sample surface; hence, this low measured amount of 

N could also potentially be ascribable to partial surface oxidation. 
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The morphology of the as-obtained tungsten oxide immediately after the hydrothermal 

reaction consisted of nanorods, as shown in Figure S4. Upon high-temperature annealing, 

micron-scale flower-like structures of W2N3 were generated, as shown in Figure 2. Indeed, the 

SEM and TEM images depict flower-like motifs, possessing average diameters of 3~5 µm and 

composed of constituent two-dimensional nanosheets. The morphological transformation from 

tungsten oxide nanorods to tungsten nitride micron-scale flowers could likely be attributed to the 

mediation of K+ from K2SO4. Indeed, nanosheets likely formed, due to K+ adsorbing onto the 

specific facets of growing tungsten oxide nanorods and facilitating the concomitant growth of 

perpendicular structures, during the high-temperature annealing process.[12] 

3.1.2. Platinum/Tungsten nitride 

Through a facile direct deposition process, varying amounts of Pt nanoparticles were 

immobilized onto the underlying tunsgten nitride nanosheets. Figure 3 highlights the formation 

of a series of Pt/W2N3 composites with varying amounts of Pt loading from 1 wt. %, 5 wt. %, to 

10 wt. %. Figure 2D depicts bare W2N3 nanosheets, which clearly do not show any presence of 

particles. When Pt was deposited with different loading amounts, the Pt nanoparticles were 

uniformly dispersed onto the nanosheets, as shown in Figure 3A, 3B, and 3C. Moreover, with 

increasing Pt content, the Pt particle sizes augmented somewhat as well. Specifically, the sizes of 

Pt rose from 1.53 nm with 1% Pt loading, to 2.27 nm with 5% Pt loading, and finally to 3.01 nm 

with 10% Pt loading onto the underlying W2N3 platform. Quantitative data concerning the 

relevant Pt nanoparticles’ size and distribution are summarized in Figure S5 and Table S1.  

Indeed, we found that the Pt particle size increases proportionally with a corresponding increase 

in the Pt precursor amount, an observation consistent with a prior report.[29] 
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HRTEM images of composites created from Pt/W2N3 with various Pt loadings are 

presented in Figure 3D, E, and F. The lattice fringes of the platinum nanoparticles were 

measured to be 0.230 nm, 0.230 nm, and 0.231 nm, corresponding to Pt sample loadings of 1%, 

5%, and 10%, respectively. These data could be related to a lattice expansion of the Pt(111) 

plane, due to tension-induced strain emanating from depositing Pt onto the underlying substates, 

a phenomenon corroborated by previous work.[30] In addition, the lattice distances of W2N3 

were measured and found to be 0.250 nm, 0.249 nm, and 0.250 nm, respectively, for these three 

samples, a finding that matched well with lattice distances associated with the (100) plane. The 

corresponding Fast Fourier Transform (FFT) patterns were inserted as insets into the image of 

Figure 3 as well, highlighting the presence of two different, distinctive phases within the 

characterized region; these data could likely be ascribed to the formation of both Pt and W2N3, in 

a manner consistent with the expected formation of the metal/metal nitride-based heterostructure. 

3.1.3. Gold/Tungsten nitride 

 The Au/W2N3 samples were successfully synthesized using a similar method for the 

analogous Pt/W2N3 composites. According to the ‘metal activity sequence’, the positively 

charged gold cation (Au3+) should be comparatively easier to reduce to its corresponding neutral 

gold metal formulation as compared with the analogous process of converting multi-valent 

platinum ions (PtCl4
2-) to Pt itself. Therefore, in our synthesis protocol, no reducing agent was 

used. From the prior literature,[31, 32] the relatively facile spontaneous reduction of Au cations 

enabled the deposition of Au onto not only both WS2 and MoS2 nanosheets but also carbon-

based materials as well. Indeed, these processes were reported to have arisen from and to have 

been facilitated by a charge transfer phenomenon, occurring between either transition metal 

dichalcogenides or carbon-based materials to the adjacent gold ions, thereby leading to Au 
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nanoparticle formation.[31, 32] Considering the unique nature of the reduction process of Au3+, 

it was found that the use of a greater concentration of tungsten nitride generally correlated with a 

correspondingly larger gold nanoparticle size, wherein the Au loading amounts were the same, as 

shown in Figure 4.  

 Indeed, in (i) the absence of any additional reducing agent and by (ii) running the 

deposition treatment for 10 min at room temperature, three different 10 wt.% Au / tungsten 

nitride composites incorporating three distinctive Au sizes were synthesized by using various 

concentrations of a W2N3 dispersion, namely 1.0 g L-1, 0.5 g L-1, and 0.1 g L-1. What is worth 

mentioning is the relatively homogeneous distribution of Au NPs noted, regardless of the loading 

levels tested. When the concentration of the W2N3 dispersion was 1.0 g L-1, relatively large 

nanoparticles possessing an average diameter of ~30.5 nm were uniformly dispersed onto the 

underlying tungsten nitride nanosheet, as shown in Figure 4C. With a halving of the W2N3 

precursor solution concentration to 0.5 g L-1, diameters of Au particles correspondingly 

decreased to 10.1 nm (Figure 4B). Interestingly, the Au size increased slightly to 12.8 nm with a 

further reduction in the initial W2N3 concentration to 0.1 g L-1 (Figure 4A). Similarly, in a 

parallel series of runs, by using a 0.5 g L-1 W2N3 solution with which to prepare Au/tungsten 

nitride composites, the analogous, as-synthesized 5 wt.% Au/tungsten nitride heterostructures, 

shown in Figure 4D, incorporated individual average Au nanoparticles measuring ~7.5 nm in 

terms of average diameter. As implied, our findings highlight that deliberative changes in the 

precursor concentration during the reduction process correlated with the resulting Au 

nanoparticle size, distribution, and density observed, as shown in Figure S6 and Table S2. 

3.2. Electrochemical Catalysis of Tungsten Nitride and its Composites 

3.2.1. Hydrogen evolution reaction (HER) 
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 The catalytic activity of W2N3 as HER catalysts was evaluated in both acidic and alkaline 

environments, using a three-electrode system. In addition, in order to assess the comparative 

HER performance of as-prepared W2N3, WN particulate powder was also tested under the same 

conditions as a control sample. The polarization curves associated with the WN control sample 

and as-prepared micron-scale flower-like motifs of W2N3 within both acidic (0.5 M H2SO4) and 

alkaline (0.1 M KOH) environments are shown in Figure 5A and 5B.  

 When the electrochemical measurements were performed under acidic conditions, as 

highlighted in Figure 5A, W2N3 was found to have exhibited a catalytically desirable, 

significantly lower overpotential value as compared with the use of WN. Specifically, the 

measured overpotential values, necessary to achieve a current density of 10 mA/cm2, were found 

to be -101 mV (vs. RHE) for W2N3 and -658 mV (vs. RHE) for WN. By analogy, the 

corresponding electrochemical test results obtained under an alkaline environment are shown in 

Figure 5B. Indeed, the overpotential value for W2N3 (i.e., -481 mV vs. RHE) was improved as 

compared with WN (i.e., -538 mV vs. RHE). In addition, the onset potential of as-prepared 

W2N3 was measured to be lower as compared with that associated with the control sample of 

WN in both acidic and alkaline environments. All of these results are presented in Table 1. 

Hence, according to this set of electrochemical measurements, the as-prepared W2N3 samples 

gave rise to better electrocatalytic activity within the HER process as compared with WN alone 

under both acidic and alkaline environment conditions, thereby reinforcing the notion of an 

intrinsically higher catalytic performance associated with the nitrogen-rich phase of W2N3. 

 To place the electrochemical activity of our as-prepared flower-like W2N3 motifs into 

context, we compared our results with the corresponding catalytic activities of other reported 

tungsten nitride-based HER catalysts within both (i) acidic and (ii) alkaline environments. That 
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summary analysis is presented in Tables S3 and S4, respectively. From these data, it is apparent 

that our as-generated flower-like W2N3 samples yielded either comparable or even superior HER 

performance with respect to existing systems within an acidic medium. By contrast, for the HER 

process within the corresponding alkaline solution, our sample did not perform as well. 

3.2.2 CO2 Reduction Reaction (CO2RR) 

 The CO2 reduction fundamentally involves converting CO2 to CO, which becomes a 

source for useful carbon-containing feedstock.[23] Because HER occurs simultaneously and 

represents a key competing side reaction, the HER process needs to be suppressed in order to 

achieve a higher Faradaic efficiency towards CO production. As such, Au is often used in this 

context, because of its relatively low HER activity and comparatively high selectivity towards 

CO.[24] Making use of this prior knowledge, we prepared composites, constructed from 

nitrogen-rich tungsten nitride (W2N3) onto which Au nanoparticles of a number of different sizes 

had been immobilized with various loading amounts, and subsequently assessed their CO2 

reduction performance. Specifically, as implied earlier, by carefully controlling precursor 

concentrations and amounts used, four different Au/W2N3 composite samples, incorporating 

various loadings of distinctively sized Au NPs, have been generated. These included the 

following series, described in terms of average weight loadings of immobilized, individual Au 

NPs with associated measured average diameters: (1) 5% wt. loading with ~7 nm Au NPs; (2) 

10% wt. loading with ~13 nm Au NPs; (3) 10% weight loading with ~15 nm Au NPs; and (4) 

10% wt. loading with ~30 nm Au NPs. 

 The different Faraday efficiency (FE) values associated with the formation of different 

CO2 reduction products catalyzed by using these different Au/W2N3 composites are highlighted 

and compared in Figure 6A. For these four Au/W2N3 catalysts, all were found to have generated 
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H2 (FE > 95%), as opposed to CO, as a major product at -0.8 V (vs. RHE), thereby suggesting 

that tungsten nitride is actually a much better HER (as opposed to CO2RR) catalyst. This finding 

is also confirmed by the current density results, shown in Figure 6B, indicating that the current 

densities for CO formation at -0.8 V (vs. RHE) for all of the Au/W2N3 composites are lower than 

1 mA/cm2. The combination of a simultaneously low FE and current density for CO formation 

confirms the relatively poor CO2 reduction activity of Au/W2N3 composites, which are more 

inherently disposed toward improved performance for the competing HER process.  

 By means of comparison, CO2 reduction reaction results associated with Au/C (20 wt%, 

E-tek, particle size: 4 nm) are presented in Figure S8. These data with carbon as the support 

highlighted a much higher Faraday efficiency towards CO as compared with H2, the precise 

magnitude of which may have been impacted by the amount of Au loading. Nonetheless, this 

observed catalytic behavior with the carbon control underscored the significance of the choice of 

the underlying support material, since the use of W2N3 in the guise of Au/W2N3 yielded 

essentially the exact opposite result, namely a much greater H2 production relative to that of CO.  

 Nevertheless, what is significant and worth highlighting from our data herein is that the 

catalytic activity could be controllably tuned to a certain degree through sample composition. 

Specifically, even though the Au/W2N3 composite yielded a poor overall catalytic performance, 

the measured reaction activities and as-generated CO/H2 ratios actually depended upon both (i) 

the Au nanoparticle sizes and (ii) loading quantities, as shown in Figure 6C, though not 

necessarily in a linearly proportionate and correlative fashion. For example, with Au/W2N3 

samples incorporating different Au sizes, it was noted that the 13 nm Au/W2N3 sample evinced 

the ‘best’ relative performance among all of the samples tested. Moreover, it was found that 
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when decreasing the amount of Au loading, the associated measured CO/H2 ratio was much 

smaller with the 5 wt.% composite as compared with their 10 wt.% sample analogues. 

 According to these cumulative electrochemical measurement data, when using Au/W2N3 

as CO2 reduction catalysts, we found that W2N3 favors hydrogen evolution as opposed to CO 

formation under CO2 reduction conditions. With the mediation of Au nanoparticles immobilized 

onto the underlying W2N3 micron-scale flower-like motifs, small quantities of CO were 

generated. In addition, the measured CO/H2 ratio was found to have increased with and 

correlated with the addition of Au NPs.  

 

4. Conclusions 

We have successfully generated three-dimensional flower-like tungsten nitride W2N3 

composed of nanosheets, via a facile hydrothermal process followed by annealing in argon and 

NH3. Indeed, our strategy involves the nitridation of chemically and morphologically well-

defined TMO intermediates as a plausible synthetic means for simultaneously and reliably tuning 

both morphology and chemical composition.  

As previously mentioned, it is expected that the electrocatalytic activity emanating from 

these materials originates from the presence of the nitrogen in the form of W-N bonds. Not 

surprisingly, as-prepared W2N3 evinced reasonable HER activities in both acidic and alkaline 

environments. Indeed, the measured HER activity of our sample was comparable to that noted 

previously for W2N3 flakes,[6] which is a logical finding considering the high surface-area and 

structural integrity of our as-prepared materials.  

In addition, by using a direct deposition method, we were able to immobilize and anchor 

Pt nanoparticles with different loading amounts onto W2N3 and to subsequently apply these 
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composites as MOR catalysts. Furthermore, by using a similar strategy, Au nanoparticles were 

relatively evenly deposited onto an underlying tungsten nitride platform in the absence of a 

reducing agent; these composites were applied as CO2RR catalysts. By analogy, we found that 

the sizes of the as-obtained Au particles could be reliably tuned by correspondingly modifying 

the tungsten nitride concentration during the synthesis process. Nevertheless, owing to the 

comparatively higher HER activity of W2N3, we noted that our as-prepared Au/W2N3 samples 

preferred to generate H2 as opposed to CO during the electrochemical process.  

 

5. Supporting Information Available 

 Additional information on MOR experiments and results; XRD patterns; SEM and TEM 

data, in addition to complementary XPS characterization data acquired for the samples analyzed.  
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Figure 1. XRD patterns of (A) as-obtained hexagonal WO3 (black) along with the database 

standard (JCPDS No. 75-2187) (red), and (B) experimentally-generated W2N3 (black) coupled 

with the calculated diffraction pattern (red) from Wang et al.[7] XPS spectra collected of W2N3 

and analyzed in the (C) N 1s range and (D) W 4f range. 
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Figure 2. Novelty of Morphology. (A, B) SEM images and (C, D) TEM images of as-prepared, 

flower-like motifs of W2N3. 
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Figure 3. TEM images of Pt/W2N3 composites incorporating different Pt loading amounts of (A) 

1%, (B) 5%, and (C) 10%, respectively. HRTEM images of Pt/W2N3 composites, incorporating 

different Pt loading amounts of (D) 1%, (E) 5%, and (F) 10%, respectively. Corresponding Fast 

Fourier Transform (FFT) patterns were inserted in the lower right-hand corners of (D) through (F) 

as insets. 
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Figure 4. TEM images of composites of Au/W2N3. (A) W2N3 concentration: 0.1 g L-1, Au 

loading amount: 10%; (B) W2N3 concentration: 0.5 g L-1, Au loading amount: 10%; (C) W2N3 

concentration: 1.0 g L-1, Au loading amount: 10%; and (D) W2N3 concentration: 0.5 g L-1, Au 

loading amount: 5%. 
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Figure 5. Measured HER polarization curves of as-prepared W2N3 and WN within (A) 0.5 M 

H2SO4 solution and (B) 0.1 M KOH solution.  
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Table 1. Onset potential and η10 (the overpotential to achieve a current density of 10 mA/cm2) 

associated with as-prepared W2N3 and WN (control) samples within both acidic and alkaline 

environments. 
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Figure 6. Measured (A) Faraday efficiencies, (B) current densities, and (C) CO/H2 ratios of as-

prepared Au/W2N3 samples incorporating different Au sizes 
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TOC Figure  

 

 

Flower-like motifs of nitrogen-rich tungsten nitride have been synthesized and applied as 

hydrogen evolution reaction catalysts in both acidic and alkaline environments. Upon deposition 

of metal nanoparticles onto the underlying tungsten nitride platforms, the resulting composites 

have been used as catalysts for both the methanol oxidation and CO2 reduction reactions. 


