A Flexible Electrode Based on Iron Phosphide Nanotubes for Overall Water Splitting
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Abstract:

Design of cheap and efficient water splitting system for sustainable hydrogen production has attracted
increasing attention. We report herein a flexible electrode based on carbon cloth substrate and iron
phosphide nanotube coated with an iron oxide/phosphate layer, for overall water splitting. The as-prepared
flexible electrode demonstrates remarkable electrocatalytic activity for both H, evolution reaction (HER)
and O, evolution reaction (OER) at modest overpotentials. The surface iron oxide/phosphate formed in-situ
is proposed to improve the HER activity by facilitating the water dissociation step and serves directly as the

catalytically-active component for the OER process.



Molecular hydrogen is a clean and renewable fuel that has the potential to replace fossil fuels in the future.
Water splitting, powered by renewable electricity, holds great promise for sustainable hydrogen
production,' Current devices still rely on the use of noble metal (Pt, Ir, Ru, etc.) -based electrocatalyst and
suffer from limited long-term stability.! In recent years, tremendous efforts have been devoted to
developing low-cost and highly-efficient electrocatalysts.”) Among them, metal alloys,” carbides,™
sulphides'® and phosphidel” based material demonstrate high activity for the hydrogen evolution reaction
(HER), while cobalt-phosphate,® metal oxides,™ and hydroxides™ are found promising for oxygen
evolution reaction (OER). While significant progress has been made in this area, there are until now very
few earth-abundant catalysts that are capable of catalysing both HER and OER in the same pH range for full
water splitting, as almost all the good OER catalysts, work well only in neutral or basic medium, whereas
most of the HER catalysts, perform better in acidic medium."*™ Therefore, the current prevailing approaches
often result in incompatible integration of the two catalysts and lead to inferior overall performance. To this
end, it is crucial to develop Janus catalysts that could work efficiently for both the HER and OER in the
same electrolyte. Moreover, the use of a single bifunctional catalyst simplifies the overall system design,

lowering the manufacturing cost and thus the cost of the resulting hydrogen.

So far, several Co- or Ni-based bifunctional electrocatalysts have been reported for full alkaline or neutral
water splitting.!® *? To expand the scope of the bifunctional materials along with the aim of improving the
reaction kinetics at both anode and cathode, we thus turned towards fabrication of Fe-based Janus
electrocatalysts because iron-containing phosphide and oxide materials have been showed active for HER or
OER.® %3 Here, we show for the first time the construction of the iron phosphide nanotubes (IPNTs) based
flexible electrode by reacting the as-prepared iron hydroxide nanotubes with phosphorus vapour. The design
demonstrated here open up new possibilities with respect to fabrication of Fe-based Janus catalysts for

overall water splitting.

The synthetic strategy for IPNTs electrode is schematically illustrated in Scheme 1 (for experimental
details, see the supporting information). First, aligned and ordered ZnO nanowires (NWs) were grown on
carbon cloth (CC) using a wet chemistry method.**! The obtained ZnO NWs evenly grew on the CC and are

about 200-500 nm in diameter and 3-5 um in length (Figure Sla&b).These ZnO NWs were used as the



starting template and immersed in an aqueous solution containing Fe** at room temperature.' The resulting
Fe(OH)s NTs precursors exhibit outer diameters similar to that of ZnO template (200 ~ 500 nm) (Figure
S1c&d). Finally, the hydrolysed iron oxide NTs were reacted with phosphorous vapour at 300 °C for 30

minutes in a chemical vapour deposition (CVD) apparatus to convert the Fe oxide to the IPNTSs.

A representative field-emission scanning electron microscopic (FESEM) image displays the well-defined
IPNTs uniformly coated on the CC without damaging its rough nanotube structure (Figure 1a). The hollow
tube nanostructure is retained after phosphidation, as confirmed by transmission electron microscopy (TEM)
technique (Figure 1b). The outer and inner diameters of the IPNTs are ~ 300 and ~100 nm, respectively. The
selected-area electron diffraction (SAED) pattern shows concentric rings, composed of bright discrete
diffraction spots, indexing to the (111), (202), (211) and (212) planes of orthorhombic FeP (inset of Figure
1b), which are further confirmed by the XRD pattern of the IPNTs (Figure 3a). High resolution (HR)TEM
image in Figure 1c reveals the lattice fringe with inter planar distance of 0.19 nm, corresponding to the (211)
plane of FeP. A typical scanning (S)TEM image accompanying with energy disperse X-ray (EDX) spectrum
demonstrates the existence of elements Fe, P and O (Figure S3 and S4); and the line scanning spectra of Fe,
P, O and overall signals across the nanotube further illustrates the nanotube configuration (Figure 1d).
Moreover, the presence of O element along the NTs might be due to formation of amorphous iron

oxide/phosphate among the top layer of the rough NT (Figure 1c, 1d).

Further investigation into the structure of the IPNTs was obtained from X-ray photoelectron spectroscopy
(XPS). The survey spectrum once again confirms the anticipated of Fe, P, O elements in the freshly prepared
IPNTs (Figure S5). Figure 2a-c give the detailed XPS profiles of Fe 2p, P 2p and O 1s, respectively. In the
Fe 2p region (Figure 2a), besides two broad core doublets at 711.8 eV/ 725.5 eV (green line) and 714.1
eV/727.9 eV (blue line), which can be assigned to oxidized state of Fe, such as Fe (I11) in iron phosphate and
oxides, "™ another set of sharp peaks is observed at lower binding energy relative to the Fe(l11), represented
by a 707.3 eV (2ps2)/720.0 eV(2py12) doublet, and could be ascribed to FeP, agreeing well with previous
reports.l*®! The P 2p region (Figure 2b) exhibits two sets of signals. One sharp set with 133.3 eV and 134.1
eV (ratio of 2:1) binding energies correspond to the 2ps, and 2py/, core levels of central phosphorus atoms in

phosphate species,'*”? while another doublet located at the relatively lower binding energies, corresponding



to 2ps (129.3 eV) and 2py; (130.1 eV), could be assigned to low valence of P, FeP in this case.™® O1s
signal (Figure 2c) is centred at 531.7 eV (O%) with a peak corresponding to O-P in higher binding energy.
As the Fe 2p and O 1s core levels’ binding energies of iron oxides are in the same range as those of iron
phosphate,™ we tentatively describe the surface of the fresh-prepared IPNTs as a combination of iron (111)
phosphate and iron oxides species. Moreover, XPS probes only a few nanometres below the surface of the
material and indicates a 1:4:11 Fe/P/O ratio, whereas EDX spectroscopy shows a Fe/P/O ratio of 1:0.8:1.7
which probes deeply into IPNTs and reflects bulk composition. Combining XPS and EDX analysis, it is thus
concluded that IPNTs is composed of amorphous iron oxide/phosphate component mostly located at the

surface and crystalline FeP in the bulk.

The water electrolysis activity of the IPNTSs is first confirmed by HER activity through linear sweep
voltammetry (LSV) testing in both H-saturated 0.5 M H,SO,4 and 1.0 M KOH electrolytes as shown in
Figure 3 (Figure S6). For comparison, the Pt/C electrode was also measured under the same conditions. As
the current collector to construct flexible water splitting electrode, the bare carbon cloth itself is identified to
be inactive both in acidic and base electrolytes at potential higher than -0.3 V vs. reversible hydrogen
electrode (RHE). In an acidic electrolyte. The onset overpotential (77onset) Of the IPNTs was estimated to be
~35 mV and an overpotential (#) of only 88 mV was required to reach a kinetic jge, 0f -10 mA cm 2. Further
scanning towards negative potential produced a dramatic increase in current density (jgeo) Which even
surpassed that of Pt/C at the potential below -144 mV vs. RHE (Figure 3a). In acidic electrolyte, the Pt/C
yielded a Tafel slope of 30.4 mV dec™ (Figure 3b), close to the theoretical value of 29.6 mV dec™,
indicating that the process follows the Volmer-Tafel mechanism.*® The Tafel slope of our IPNTs is 35.5
mV dec, which is the highest among all the non-noble metal catalysts reported so far (Table S1) and

comparable to that of Pt, indicating that HER kinetics on IPNTs may follow the same mechanism.

Remarkably, in strong alkaline condition (Figure 3c), the 7onset OF the IPNTs was as low as -31 mV vs.
RHE. To reach jge, 0of 10 mA cm?, a 5 of only 120 mV was required. The resulting Tafel plots yielded a
Tafel slope of only 59.5 mV dec™, significantly lower than the value of Pt/C (117.6 mV dec™) (Figure 3d). It
is reported that the VVolmer step is the rate-limiting step for HER on Pt/C in alkaline conditions, thus leading

to a Tafel slope of about 120 mV dec™.*Y Therefore the observed Tafel slope of 59.5 mV dec™ here



suggests a Heyrovsky-step-determined Volmer-Heyrovsky mechanism working on the IPNTs catalyst.™®
Beyond the Tafel region, slopes increase as diffusion limitations begin to influence the Tafel kinetics,
although the IPNTs exhibited relatively larger onset potentials compared to that of Pt/C, its linear
dependence of the logarithmic jgeo Vs. # (i.e., Tafel region) extends more into higher current density region,
suggesting the lower mass transfer resistance at higher current densities, as the 1D directional rough
nanotube morphology is beneficial to the timely removal of H, bubble from the catalyst surface.l®® ** Thus,
beyond certain potential, the catalytic current density of the IPNTs surpassed that of Pt/C. Referring to the
results above, the HER activity of our IPNTs catalyst is superior to most state-of-the-art HER catalysts
(Table S1,), including pure FeP-based HER catalysts.*® 2% It could be speculated that the enhanced activity
of the IPNTs might be related to the special surface structure and composition of IPNTSs, indicating that the
nature of the oxide species on the surface is critical.?) At this point, it is reasonable to propose that iron
oxide/phosphate may serve to enhance the water dissociation step as such an effect have been reported for
the 3d M(Ni, Co, Fe, Mn) hydr(oxy)oxide modified metal catalysts.’? Thus, with native oxide species
present on its surface, IPNTs performs better than the reported FeP catalysts during the alkaline HER

process.

Afterwards, steady-state activities of the IPNTs were investigated during 14 h galvanostatic electrolysis at
-10 mA cm™ both in acidic and basic electrolyte. As shown in Figure 3e, the IPNTSs exhibited superior long-
term stability over 14 h in both media. It outperforms other reported FeP-based HER catalysts, especially in
alkaline solution.™** 2% From the perspective of the electrode design, it is not difficult to understand: the
vertical IPNT arrays can improve bubble release from the electrode surface during HER, which thus prevent
the hydrogen bubbles from blocking the catalysts during the accumulation process and lead to a better long-
term stability. According to the Fe 2p and P 1s spectra along with the atom ratio of Fe/P/O (1:3.4:17 for
post-acidic test and 1:1.5:18 for post-basic test), much more oxidized species was detected on the catalyst
surface by comparing with the fresh sample, therefore the surface coverage of the catalytic bulk with those
iron oxide/phosphate after HER was confirmed (Figure S7). Those formed iron oxide/phosphate film may
serve as a protective layer to prevent dissolution of the FeP, and could be one reason for the good stability

observed on the IPNTs. By comparing with the Fe/P ratio of 1:4, the deceased P atom could be due to the



dissolution of those free P element that resulted from the special synthesis method. The Faraday efficiency
of HER in basic medium was also monitored during a 120 min galvanostatic electrolysis (Figure 3f),

showing that the amount of hydrogen evolved corresponded to the theoretical Faraday yield.

We next assessed the catalytic OER activity of IPNTs in O,-saturated 1.0 M KOH aqueous solution. For
comparison, the activity of an IrO, catalyst and the bare carbon cloth was measured in parallel. As shown in
Figure 4a, the anodic current density recorded with the IPNTSs catalyst showed a sharp onset of OER current
at ~1.48 V vs. RHE (corresponding to a n of 250 mV). To reach the jge, 0f 10 mA cm?, a5 of only 288 mV
was required. The IrO, catalyst afforded a similar 7onset, but its OER current density fell below that of our
IPNTs at ~1.51 V vs. RHE. Although it is hard to point out exactly what kind of oxidized species takes
responsibility for the oxygen evolution at this stage, the existence of iron oxide/phosphate, which have been
verified to be active species toward OER,® *®! could act as active sites for the O,-evolving process. Further
analysis of its catalytic kinetics by Tafel plots (Figure 4a inset) resulted in a Tafel slope as low as of 43.0
mV dec™, that is even better than one of the best commercial OER catalysts, IrO, (50.0 mV dec™). The
reduced Tafel slope in the IPNTs implies a more favorable OER kinetics./?®! Considering the low 7onset, high
Jgeo @nd small Tafel slope, the catalytic activity of the IPNTs compares favourably to the most of state-of-
the-art OER electrocatalysts (Table S2). Moreover, when biased galvanostatically at 10 mA cm™ on the
IPNTSs electrodes, the catalyst showed a nearly constant overpotential with merely 13 mV increase during 14
h of continuous operation, whereas the IrO, catalyst showed an increase in overpotential by ~60 mV (Figure
4b). Its Faradaic efficiency for the OER was also conducted at constant applied potential for 120 min,
suggesting near 100% Faradaic efficiency (Figure S8). To further verify the catalytic role of the surface iron
oxide/phosphide for effective OER, XPS profiles of the Fe 2p and P 1s was recorded from the catalyst after
the stability test, we found a shift of the Fe 2p peak to the higher binding energy and large oxidized species
accumulation (O/P atom ratio 37.5:1) in the tested sample (Figure S9), indicating the increased oxidation
states of the surface Fe metal centres. A previous study regarding the design principle for OER catalysts
established that materials with high OER activity shall be the ones with high covalence of transition metal-
oxygen bonds,'**! which has been successfully used to guide the design of various transition metal OER

catalysts. 21 We believe this is also insightful in explaining the high OER activity of the IPNTs due to the



existence of high valence Fe metal centres on the material surface. Additionally, amorphous Fe,O3; and
FePO, supported CC electrodes were also prepared separately (see Sl, Figure S10) and their OER activity
were examined (Figure S11). It can be seen that both electrodes show much lower performance than the
IPNTs and Fe,Os slightly outperforms FePO,. It seems there is some synergistic effect among Fe,O3;, FePO,

and underneath FeP that render the high OER activity of IPNTSs.

Featured with mixed structure of FeP bulk and Fe oxide/phosphate shell, the IPNTs showed an efficient
bifunctional catalytic activity for both HER and OER as evidenced by the cyclic voltammetry curve in
Figure 4c, a catalytic model illustrating the Janus catalytic mechanism of the material was proposed (Figure
4c inset). Finally, a practical investigation on the Janus performance of IPNTs for overall water electrolysis
is demonstrated in a two-electrode configuration (Figure 4d and Figure S12). It showed a current density of
10 mA cm at about 1.69 V vs. RHE, representing a combined overpotential of only about 460 mV for HER
and OER. Importantly, the potential was stable at this value during a 14 h galvanostatic electrolysis process
(Figure 4d inset, Movie S1). We thus believe that the material reported here enjoys bifunctional and
synergetic effect with the FeP bulk and iron oxide/phosphate surface, catalytically competent for H, and O,
evolution. The surface iron oxide/phosphate formed in-situ not only improve the HER catalytic activity by
enhancing the water dissociation step,’?? but also serves as the catalytically-active component for the OER

process.

In summary, a flexible electrode based on iron phosphide nanotubes is successfully prepared for overall
water splitting. This material consists of FeP coated with an iron oxide/phosphate layer and mediates H,
evolution from both acidic and basic aqueous media at modest overpotentials. Remarkably, the surface iron
oxide/phosphate formed in situ can be directivity used to catalyse O, evolution. Therefore, the flexible
IPNTs electrode demonstrates remarkable activity and stability for the overall alkaline electrolyser. These
findings in our work open up new possibilities with respect to the fabrication of efficient Janus catalysts

with low cost for overall water splitting.
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Figures and Captions

Flexible Janus Electrode
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Scheme 1. Schematic diagram illustrating the synthesis procedure of IPNTs based flexible bifunctional

electrode.



Intensity (a.u.)

0  Distance (hm) 600

Figure 1. (a) SEM (inset: magnified SEM image); (b) TEM (inset: SAED pattern of IPNT) and (¢) HRTEM

image of IPNTSs (inset: enlarged HRTEM image). (d) EDS line scan curves across the IPNT indicated by a

line in (Figure S3a).
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Figure 3. (a) iR-corrected LSV curves measured in 0.5 M H,SO,4 and (b) corresponding Tafel slopes. (c) iR-
corrected LSV curves measured in 1.0 M KOH and (d) corresponding Tafel slopes. (e) Durability test at -10

mA cm™ in both acidic and basic electrolyte. (f) Faradic efficiency of the HER in 1.0 M KOH at n =216 mV.

1

—

o & o IS n

& & o o©o o
: . <

P )
s o
: :

-
=3
:

oo
- O

—IPNTs

1 —pPucC

—CC

02

-0.1

Potential (V vs. RHE)

0.0

———"

—IPNTs

1 —PtiC

—CcC

0.3 0.2

0.1

Potential (V vs. RHE)

0.

—05MHSO,

1.0 M KOH

0

6 8
Time (h)

2 4

10

12

14

o

0.5 e
" —IPNTs
—PtiC
5 04 85.0 mV dec’ e
T 03
=
a
5 0.2
a 1
5 355 mV dec
> 0.1
0.0 = 30.4mV dec’
0.0 0.5 1.0 1.5
log({current density) (log(mA cm '2)}
0.61 / —IPNTs ]
0.5 .- “ —PtiC
< - 305 mV dec —cc
= 0.4
ol
t 0.3
3 .
g 0.24 59.5 mV dec” R
o e \
0.0 " 117.6 mV dec’
0.5 1.0 1.5 2.0 2,
log(current density) (log(mA cm"))
f 1.5
1.24
= 0.94
[}
E
E 0.
IN
0.34 o Experimental
= Theoretical
0.0 T T T T T
0 20 40 60 80 100 120
Time (min)

2.0




Q
o

100 ' ' ' ' 045 ——F——————+—+—
o O E o my dec’ 0.40-
E 80 04 1 ’ )
: S
= o S | 7 43.0mvdec’ < 0-35'/ -
— 7 =0.3] perr s b g 4
2 /-/ £ 0.30 s = |
e 404 0.2 50.0 mV dec” 1 2 .
8 00 05 10 15 2 0.254 1
—IPNTs - 2 ]
£ 204 log (j (mA cm™)) 4 4
2 — [~ O 0.20{__ipNTs .
—CC )
8 0 T T L) LJ 3 015 _Ir02
135 140 145 150 155 0 2 4 6 8 10 12 14
Potential (V vs. RHE) Time (h)
¢ 10— d
" HO v 40 L) L) L) L) L)
' H, :
o 1 ” 0, : OER o
E . 4 ¢ E 0.6
o : o P
< 50+ i OH4 1 « 301 = ol -
- @ FeP : » ;
E‘ -Feoxidezphosphate - 0.2 R
@ 0 1 @ 204 0 2 4 6 8 101214 1
8 8 Time (h)
g -50 { § 10 .
- -
3 =
(8] HER T T . 8] i
'100 T : T T I: T . L ST S T L P
04 00 04 08 12 16 12 13 14 15 16 17 18 19
Potential (V vs. RHE) Voltage (V)

Figure 4. (a) iR-corrected LSV curves measured in 1.0 M KOH (inset: the corresponding Tafel slopes). (b)
Durability test in 1.0 M KOH solution at 10 mA cm™. (c) CV curve of IPNTs in 1.0 M KOH with a scan rate
of 50 mV s* (inset: proposed bi-functional mechanism of the catalyst for overall water splitting). (d)
Current-potential response of a two-electrode alkaline electrolyzer (Inset: galvanostatic electrolysis in 1.0 M

KOH at 10 mA cm™ over 14 h).
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Bifunctional electrode for water splitting: Flexible electrode based on carbon cloth substrate and iron
phosphide nanotube coated with an iron oxide/phosphate layer demonstrates the Janus electrocatalytic
activity for overall water splitting. The surface iron oxide/phosphate formed in-situ is proposed to improve
the HER activity by facilitating the water dissociation step and serves directly as the catalytically-active

component for the OER process.



