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Unique Co-Catalytic Behavior of Protic lonic Liquids as
Multifunctional Electrolytes for Water Splitting

Tianhao Li,™ " Xiaoyan Wang,® " Weiyong Yuan,* " and Chang Ming Li®®!

Hydrogen production from water splitting holds great promise
for solving today’s energy crisis but it is challenging to have
high efficiency and low cost. For the first time, a protic ionic
liquid (PIL), diethylammonium formate (DEAF) was used as
a multifunctional electrolyte in water splitting, demonstrating
a unique role of co-catalyst for the hydrogen evolution reac-
tion (HER) with the highest current density (21 mAcm? at
—0.5V) and the most positive onset potential (—0.002 V) in
comparison to aprotic ILs and commonly used inorganic salts.
Moreover, the concentration of PIL and temperature of electro-
lyte solution were optimized. The possible mechanism for the
multifunctionality and high performance for water splitting
using this PIL was proposed using X-ray photoelectron spec-
troscopy (XPS). The high performance for HER, simplicity and
low cost for synthesis, and unique properties make DEAF
highly promising as an electrolyte toward water splitting.

The wide use of fossil fuels has led to many environmental im-
pacts, such as the generation of CO,, CO and NO." Moreover,
the price of fossil fuel and difficulty of fossil fuel extraction are
increasing due to its non-sustainability. Therefore, hydrogen,
considered as a clean and high-density energy source and car-
rier, has gained increasing attention in the past decades.**
Among hydrogen-generation techniques, it is no doubt that
electrochemical/photoelectrochemcial water splitting is the
cleanest and simplest due to utilization of renewable energy
sources, no carbon emissions, operation in small and simple
devices, and the high purity of the hydrogen obtained.”) How-
ever, electrolytes applied in water splitting cells are mostly in-
organic salts with strong acids or bases. These electrolyte solu-
tions are quite corrosive, which decrease the stability of the
electrode materials, limit the catalysts applicable for water
splitting, and compromise the safety of operation.”
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lonic liquids (ILs), a class of non-molecular ionic solvents
with low melting points (< 100°C), have great potential as
electrolytes in water splitting due to their many unique physi-
cochemical properties, such as nearly no measurable vapor
pressure at room temperature, high conductivity, and high
chemical stability.® Currently, only a few studies using ionic lig-
uids for water splitting have been reported. Imidazolium-based
ILs had been initially introduced as electrolytes in hydrogen
production by water electrolysis.”'” Then, an ammonium-sul-
fonic-acid-based IL was utilized as the electrolyte and greater
efficiencies were obtained."” However, the viscosities of all
these ionic liquids are much higher than that of the commonly
used inorganic salts, which could greatly reduce the transpor-
tation rate of ions to influence the hydrogen production. Also,
their synthesis is quite tedious and time-consuming, and the
reactants used are not cheap. In addition, all these ILs and in-
organic salts for water splitting have only been applied as elec-
trolytes. To our knowledge, there is no report of using ILs as
multifunctional electrolytes for significantly boosting water-
splitting performance.

Protic ionic liquids (PILs) are an interesting subset of ILs
easily produced through proton transfer from a Brgnsted acid
(organic or inorganic acid) to Brgnsted base (amine) with low
cost and a short reaction time. Compared to aprotic ionic lig-
uids (AlLs), PILs possess some unique electrolyte-related prop-
erties, including higher conductivity and much lower viscosi-
ty.">"3) In addition, the protonic feature allows PILs to be con-
sidered as proton sources for the hydrogen evolution reaction
(HER)." Also, the amines generated from PILs could coordi-
nate with Pt which is the most widely used catalyst with
the highest activity and stability for HER, thus changing its
electronic structure for possible promotion of the catalytic per-
formance. Therefore, PILs could serve as both electrolyte and
co-catalyst for hydrogen production. However, no one has ex-
ploited PILs as either electrolyte or co-catalyst for HER in water
splitting.

In this work, diethylammonium formate (DEAF), a PIL, was
investigated as multifunctional electrolytes for Pt-catalyzed
water splitting for the first time. As a comparison, two AlLs
were synthesized and applied as new electrolytes in a water-
splitting cells as well (Scheme 1). The possible mechanism for
the multifunctionality and high performance for water splitting
was proposed based on the experimental results.

In traditional water-splitting studies, inorganic salts, such as
Na,SO,, NaCl or KCl, would be introduced as the electrolytes in
acidic or alkaline solution. Other commonly used electrolytes,
such as NaOH or KOH, were not used since the pH of these
solutions is quite different from that of the DEAF solution.
Firstly, PIL (DEAF) and other two salts (Na,SO, and KCI) were
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Scheme 1. Three ILs used in this study and synthesis of DEAF.

utilized as electrolytes for water-splitting experiments at the
same pH and ionic strength.

As shown in Figure 1A, the linear sweep voltammogram
(LSV) of the electrolytic cell using DEAF as the electrolyte ex-
hibits a reduction peak with an onset potential at —0.002 V
(Eonse) @and a peak potential (E,.,) at —0.06 V, which can be at-
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Figure 1. A) Linear sweep voltammograms at working electrode of different
electrolyte solutions. Red: 1 m DEAF, Blue: 1 m KCl, Green: 0.33 ™M K,SO,.

B) Tafel plots for HER using PIL and inorganic salts as electrolytes. Red: 1 m
DEAF, Blue: 1 m KCl, Green: 0.33 m K,SO,. C) Linear sweep voltammograms at
working electrode of different IL solutions. Red: 1 m DEAF, Blue: 1 m BTAB,
Green: 1M BIMI-Br. D) Tafel plots for HER using PIL and aprotic ILs. Red: Tm
DEAF, Blue: 1 m BTAB, Green: 1M BIMI-Br.
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tributed to HER occurring on the Pt/C catalyst.”'”’ Compared
to the cell using DEAF as the electrolyte, much more negative
onset potentials for the cells using Na,SO, and KCl as electro-
lytes were found at —0.36 V and —0.35V, respectively. Addi-
tionally, the current density of the DEAF-based cell is much
higher than that of inorganic-salt-based cells at the same po-
tential. It is worth noting that the pH of 1m DEAF is 4.6, but
that the other two neutral salt solutions need added H,SO, for
maintaining the same pH value. Thus, it is clear that the acidic
PIL (DEAF) was not only used as electrolyte, but also applied as
proton source without adding any other acids. Furthermore,
Tafel plots for HER using these three electrolytes are displayed
in Figure 1B, where the Tafel slopes (b) were determined. Com-
parison of these slopes reveals that DEAF has the lowest Tafel
slope, indicating that the kinetics for HER is improved using
DEAF as the electrolyte. Thus, DEAF can interact with the cata-
lyst to promote the catalytic performance.

To further understand the significant enhancement by using
PIL as electrolyte for HER, BMIM-Br, a commonly used aprotic
IL, was used as the electrolyte and compared with DEAF under
the same conditions. As shown in Figure 1C, more positive
onset and peak potentials (E,n and E,) were obtained by
using DEAF. Also, the current density was much larger than
that using BMIM-Br. To confirm this finding, another aprotic IL
(BTAB), which has a structure similar to DEAF but lacks the pro-
tonic feature, was applied as the electrolyte. Compared to
DEAF, much more negative reduction potentials and smaller
current densities were observed by using BTAB (Figure 1C).
Moreover, Figure 1D shows that the Tafel slope of DEAF is
much lower than that of the two aprotic ILs, which further sug-
gests PIL could interact with catalyst to improve the HER kinet-
ics. Clearly, besides the lower viscosity and proton source prop-
erty of PIL which could improve the performance of water
splitting,"*'® the interaction between PIL and catalyst should
be considered. It is noteworthy that there is an proton transfer
equilibrium [Reaction (1)] in the PIL aqueous solution, where
a small fraction of the PIL cations can deprotonate as proton
source and regenerate the Bregnsted base (the amine B). This
amine could coordinate with Pt for enhancement of the cata-
lytic activity:

[BH"] [A"] =B+ HA (1)

To explore this hypothesis, XPS was performed to identify
the interaction between the PIL and catalyst (Figure 2). The
binding energies (BEs) of Pt4f,, for the catatlyst and catalyst/
DEAF are 72.23 and 71.18 eV, respectively. This negative shift in
the BE indicates an increase of electron density in the vincinty
of Pt which should be due to the coordination between Pt
and the diethyl amine generated from DEAF with lone-pair
electrons.™'® This increase in electron density will then en-
hance the affinity of protons in solution to the catalyst
(Scheme 2). Therefore, PIL not only provides the proton for
water splitting, but also generates the amines as a co-catalyst
for enhancing the catalytic activity.

As DEAF was found to be the best electrolyte among the in-
organic salts and ILs, experimental conditions, including PIL
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Figure 2. XPS spectra showing the Pt4f doublets of the catalyst (Red) and
catalyst/DEAF (Black).

Scheme 2. Interaction between amine and catalyst.

concentration, temperature and working potential, were opti-
mized. Initially, the effect of PIL concentration on the current
densities (j), onset potentials (E,ne), and peak potentials (Eje,i)
was evaluated by increasing the concentration of DEAF from
0.5 to 3.0M. As shown in Figure 3A, the current densities re-
corded at —0.5V increase dramatically from —-7.4 to
—13.3 mAcm™? as the concentration of DEAF increases from
0.5 to 1.5m, which is due to the increase in solution conductiv-
ity and more amine groups involved in the interaction with
Pt."*2% However, no significant variation in the current densi-
ties was observed when the PIL concentration is higher than
1.5M. Moreover, Figure 3B shows E,. decreasing gradually
from —0.001 to —0.012 V with the increase of PIL concentra-
tion. Similarly, E e also changes from —0.06 to —0.095 V (Fig-
ure 3C). It can be attributed to the increase of solution viscosi-
ty with the increase of PIL concentration,”"” which reduces the
transportation rate of ions to deteriorate the hydrogen produc-
tion performance. In an effort to minimize the influence of the
viscosity and consumption of PIL while maintaining high cur-
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rent densities, a DEAF concentration of 1.5m was chosen for
all subsequent studies.

The effect of temperature on current densities (j), onset po-
tentials (E,ner), and peak potentials (E,.) was also studied
using a temperature ranging from 18 to 68°C. As shown in Fig-
ure 3D, the current density recorded at —0.5 V increases signif-
icantly when the temperature increases from ambient to 48°C,
and then starts to decrease with further increase of the tem-
perature. Similarly, the E, .. and E., slightly move to the most
positive value and then gradually decrease with increasing
temperature (Figures 3E,F). The increase in j and potential
should result from the faster diffusion of ionic species associat-
ed with a decrease of the solution viscosity when the solution
is heated.”” However, the DEAF will start to decompose at
high temperature,”? which could change the pH and decrease
the conductivities of solution. Also, slightly sub-boiling condi-
tions, as is usual in conventional electrolysis, did not work due
to PIL decomposition. Therefore, the temperature range of 30-
40°C could be probably the best working condition to com-
promise the water splitting performance while minimizing the
decomposition of PIL and energy consumption.

Additionally, the working potential was optimized by analyz-
ing the charge consumption (Q) at the cathode with different
potentials where the experiment was performed during a time
period of 60 min. As shown in Figure S1 (Supporting Informa-
tion), no significant variation in Q is obtained for a low poten-
tial (E>—0.4V). Then, a dramatic increase of Q is observed
when a higher potential was applied. Accordingly, E<—0.5V
should be probably the best working water reduction poten-
tial.

The generated H, was analyzed by gas chromatography
under a constant potential. Only three measurements were
conducted with 20 min duration between each one for each
potential to obtain the general trend between the hydrogen
generated and time. As shown in Figure 4, 47 umol of H, was
generated after an electrolysis period of 60 min with a Faradic
efficiency of 94% as the potential was kept at —0.48 V. More-
over, a dramatic increase in the H, production was observed
when the potential increased.

The durability of the catalyst for HER using different electro-
lytes was preliminarily examined. The current densities and re-
duction potentials did not significantly change after a 30-hour
experiment (approximate 200 times LSV) (Figure S2) and the
pH of the electrolyte solution did not change, suggesting this
PIL electrolyte did not deteriorate the activity of catalyst and
that the PIL is quite stable during water splitting.

Herein, protic ionic liquid (PIL) was introduced as a multifunc-
tional electrolyte in water splitting for the first time, demon-
strating a unique role of co-catalyst for HER with the highest
current density (21 mAcm ™2 at —0.5 V) and the most positive
onset potential (—0.002 V) in comparison to the synthesized
aprotic ILs and commonly used inorganic salts. Moreover,
DEAF can be applied as a proton source without adding any
other acid. With simplicity and low cost for synthesis, high per-
formance for water splitting, and unique properties, DEAF is
undoubtedly an outstanding multifunctional electrolyte for hy-
drogen production. More PILs are currently being investigated
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Figure 3. A) Effect of PIL concentration on the current densities (j) obtained by LSV at —0.6 V. B) Effect of PIL concentration on the E,,, obtained by LSV.
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Figure 4. H, production during 60 min with the working electrode applied
potential during the water splitting of a PIL solution. Black: —0.483V,
Red: —0.583 V, Green: —0.683 V; Concentration of PIL: 1.5 m.

in our laboratory and more noble-metal-free catalysts will be
applied to further study.

Experimental Section

1-butyl-3-methylimidazolium bromide (BMIM-Br), butyltriethylam-
monium bromide (BTAB) and diethylammonium formate (DEAF)
were prepared and characterized according to literature re-
ports. 2! |n comparison to other two AlLs, DEAF can be easily
synthesized via proton transfer from formic acid to diethyl amine
with a dramatically short reaction time (6 h), and the crude product
was simply purified under reduced pressure for 4 h at 50°C.

The water-splitting experiments were performed on an electro-
chemical workstation (CHI-660E) in a three-electrode configuration
comprised of a glassy carbon electrode (GCE) loaded with catalyst
as the working electrode, a platinum plate and a saturated calomel
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electrode (SCE) as the counter electrode and the reference elec-
trode, respectively. For preparation of the working electrode, 20 pL
of 1 mgmL™" catalyst solutions with Nafion (mass ratio of Nafion to
catalyst is1 to 4) was dropped on the clean GC electrode and then
dried. The catalyst is 30% (w/w) commercial platinum carbon (Pt/
C) purchased from Johnson Matthey. Three ILs and two inorganic
salts were applied as electrolytes under the same conditions (ionic
strength, pH and temperature). Since the pH of 1M DEAF solution
was 4.6, H,SO, was added to other electrolytes solution, including
KCl, K,SO, and other two ILs (BTAB and BIMI-Br), to obtained the
same pH. Then, the water-splitting system was investigated by
varying concentration of PIL, temperature and working potential.
The linear sweep voltammograms (LSV) were recorded at a scan
rate of 2 mVs . Tafel plots for electrolytes (iR-corrected) were ob-
tained by n=blogj+a. Then, the corresponding Tafel slopes (b)
were used to determine the reaction kinetics.”®*! Chronoamper-
ometry was carried out at a series of different potentials to obtain
the charge consumption versus potential curves. All the tests were
repeated at least three times. The potentials in all of the electro-
chemical measurements were converted to those with reference to
a reversible hydrogen electrode (RHE). All reagents were supplied
from Aladdin Chemistry Co. Ltd.

Hydrogen evaluation in 1.5m PIL electrolyte was detected in
a closed system connecting to an Agilent Technologies 5890 gas
chromatograph (GC) at a constant potential for 60 min. After every
20 min of electrolysis under the N, atmosphere, the headspace of
electrolysis cell was collected and injected into the GC. The total
amount of hydrogen was calculated over time.

X-ray photoelectron spectroscopy (XPS) of the catalyst and cata-
lyst/PIL was performed using an ESCALAB 250Xi spectrometer
under vacuum (~2x10"° mbar). The excitation source was mono-
chromatic Al Ko (150 W, 1486.6 eV) radiation, and the C1s peak at
284.8 eV was used as the reference for calibration. DEAF/catalyst
samples were prepared by mixing the two components together.
This mixture was filtered and washed by DI water for several times.
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Finally, the DEAF/catalyst sample was dried under vacuum for XPS
analysis.
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