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Methanol-Water Aqueous-Phase Reforming with the
Assistance of Dehydrogenases at Near-Room Temperature

Yangbin Shen,” Yulu Zhan,” Shuping Li,”) Fandi Ning,” Ying Du,” Yunjie Huang,®

Ting He,” and Xiaochun Zhou*® <<

As an excellent hydrogen-storage medium, methanol has
many advantages, such as high hydrogen content (12.6 wt %),
low cost, and availability from biomass or photocatalysis. How-
ever, conventional methanol-water reforming usually proceeds
at high temperatures. In this research, we successfully de-
signed a new effective strategy to generate hydrogen from
methanol at near-room temperature. The strategy involved
two main processes: CH;OH—HCOOH—H, and NADH-—
HCOOH —Hs,. The first process (CH;OH —HCOOH —H,) was per-
formed by an alcohol dehydrogenase (ADH), an aldehyde de-
hydrogenase (ALDH), and an Ir catalyst. The second procedure
(NADH—HCOOH—H,) was performed by formate dehydro-

Introduction

Environmental problems have seriously threatened the quality
of human life. The over exploitation of fossil fuels caused the
level of carbon dioxide to exceed 400 ppm in the atmosphere
in 2015, and this level will keep increasing over the following
years.! Such a high carbon dioxide level exceeds any level
over the past 2.1 million years. Developing clean energy sour-
ces is a promising way to solve these problems. Hydrogen is
deemed to be the most promising clean energy source be-
cause of its many advantages, which include high energy den-
sity (143 MJkg™"), environmentally friendly products (only
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genase (FDH) and the Ir catalyst. The Ir catalyst used was a pre-
viously reported polymer complex catalyst [Cp*IrCl,(ppy);
Cp* =pentamethylcyclopentadienyl, ppy=polypyrrole] with
high catalytic activity for the decomposition of formic acid at
room temperature and is compatible with enzymes, coen-
zymes, and poisoning chemicals. Our results revealed that the
optimum hydrogen generation rate could reach up to
17.8 umolh™"g.,; ' under weak basic conditions at 30°C. This
will have high impact on hydrogen storage, production, and
applications and should also provide new inspiration for hy-
drogen generation from methanol.

water), abundance on earth, and proven applications in hydro-
gen-oxygen fuel cells.™

Although hydrogen has many advantages, its production
and storage still face several difficulties that strongly hinder its
applications. The storage of high-pressure or liquid hydrogen
consumes much energy, which raises costs and results in a loss
in the price competitiveness of hydrogen versus fossil energy.

Since organic molecules were reported to be used as H, car-
riers, organic hydrogen-storage technology has become a hot
topic in research. Compared with hydrogen-storage tanks, or-
ganic compounds have clear advantages, such as higher hy-
drogen content and lower costs. Moreover, organic com-
pounds can achieve a satisfactory hydrogen conversion rate
(Table S1 in the Supporting Information), which makes us be-
lieve it will be a mainstream research direction for hydrogen
generation.

The generation of hydrogen through photocatalytic water
splitting is also a very promising technology for the production
of hydrogen in large amounts.®® Nevertheless, it is difficult to
use photocatalysis technology to generate hydrogen in
moving vehicles or portable devices, because sunlight is usual-
ly unavailable on these devices. In general, hydrogen produc-
tion from methanol-water reforming would be a promising
technology that could overcome the difficulties of mass hydro-
gen generation and cost control.” Except for these advan-
tages, we should also pay attention to the toxicity of metha-
nol.

However, the conventional methanol-water reforming reac-
tion usually occurs at high temperatures (200-800°C),"” and
produces a high concentration of CO."*' The reforming gas
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should be deeply treated with the water-gas-shift (WGS) reac-
tion or selective oxidation to remove CO before application in
fuel cells."™™ Consequently, costs and system complexity will in-
crease and make portable applications, such as in hydrogen
vehicles, inconvenient. To solve these problems, highly active
and selective catalysts were developed to catalyze methanol-
water reforming at low temperature (<100°C) to produce
high-quality H, with a trace or without CO."*'” The total reac-
tion of methanol-water reforming is proposed and validated
as follows [Eq. (1)]:['82

CH;0H + H,0 — 3H, +CO, AG.,=9:0kimol™’ (1)

The above reaction can be divided into three simple reac-

tions:18-20

CH,OH — HCHO +H, AG, = 63:7kJmol”’ 2)
HCHO + H,0 — HCOOH + H, AG., = —21:7kimol”"  (3)
HCOOH — CO, +H, AG, = —33:0kJmol "’ (4)

From Reactions (2), (3), and (4), we can find that the first
step for methanol dehydrogenation is a Gibbs's free energy in-
creasing process [Reaction (2)], whereas the following formal-
dehyde and formic acid dehydrogenation steps are Gibbs's
free energy decreasing processes at room temperature. The
high energy barrier of Reaction (2) makes the whole metha-
nol-water reforming reaction difficult, even though the follow-
ing reactions can be easily realized at low temperatures.”'!
To promote the first methanol dehydrogenation step, alkaline
reagents can be added to the reaction system.'*2%%21 Howev-
er, generated CO, neutralizes the alkaline solution, and hydro-
gen generation stops after the alkali is exhausted. Even if such
an alkaline reagent is conducive to the reaction, the reaction
temperature is still much higher than room temperature.

So far, it is still a great challenge to produce hydrogen from
methanol-water reforming at near-room temperature. Recent-
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ly, some exciting results were achieved through photocatalysis,
electrocatalysis, and bioinduced catalysis.""?*=" These proce-
dures, however, needed a continuous supply of extra energy
or oxygen. Nonetheless, methanol-water reforming could be
realized at near-room temperature without any assistance of
extra energy or additives under ideal conditions.

Moreover, huge progress has been made in hydrogen pro-
duction from the dehydrogenation of formic acid. It was re-
ported that formic acid could be effectively decomposed to
hydrogen by various homogenous and heterogeneous cata-
lysts at room temperature.?-?*3>33 Therefore, hydrogen pro-
duction from methanol could be realized if methanol could be
well converted into formic acid. In this work, we successfully
designed a novel pathway to convert methanol into formic
acid, which underwent catalytic decomposition to hydrogen at
near-room temperature. The conversion of methanol into
formic acid was realized by two dehydrogenases, including an
alcohol dehydrogenase (ADH) and an aldehyde dehydrogenase
(ALDH). The decomposition of formic acid to hydrogen was
performed by using a previously reported polymer complex
catalyst, Cp*IrCl,(ppy) (Cp* =pentamethylcyclopentadienyl,
ppy = polypyrrole).*¥ During the process, generated NADH
was catalytically dehydrogenated by formate dehydrogenase
(FDH) to produce formic acid. The three dehydrogenases and
the catalyst synergistically and efficiently catalyzed the genera-
tion of hydrogen from methanol at near-room temperature.

Results and Discussion
Pathway design

In this research, methanol was successfully converted into
formic acid by the cooperation of two dehydrogenases
(Scheme 1a). Then, formic acid was catalytically decomposed
to H, and CO, by Cp*IrCl,(ppy), which we already proved to
have high catalytic activity and selectivity for the decomposi-
tion of formic acid.®” The dehydrogenation of formic acid was

dehydrogenase
CH30H ""ﬁ---) + Hz
NADH+H*
b Detailed reaction process
% N
Alcghol * Aidehyde
dehydrogenase dehyqu%en§se
aon —v oo —— =5
NAD* NADH NAD* NADH
* H2
\_/ K/ Cp*IrCly(ppy)
H++co2 TV o
 Frmatgs?
e L e g
S

Scheme 1. a) General strategy and b) detailed reaction process to generate H, from methanol. Black arrows indicate the methanol dehydrogenation proce-
dure (CH;0H —HCOOH —H,). Green arrows indicate CO, hydrogenation (CO,—HCOOH).
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the only process for hydrogen generation from methanol
throughout the entire strategy.

As exhibited in Scheme 1b, the total process for hydrogen
generation from methanol needs three dehydrogenases and
the Ir catalyst. Black arrows point to the methanol dehydro-
genation process by the alcohol dehydrogenase, aldehyde de-
hydrogenase, and NAD". Formic acid and NADH are produced
during the reactions [Reactions (5) and (6)]. NAD™ is nicotina-
mide adenine dinucleotide, which is the coenzyme for the al-
cohol dehydrogenase and aldehyde dehydrogenase, and
NADH is the reduced form of NAD™.

CH;OH + NAD* 22, NADH + HCHO + H* (5)
HCHO + H,0 + NAD* 22, NADH + HCOOH + H* (6)

Then, hydrogen is generated from the decomposition of
formic acid, which is catalyzed by Cp*IrCl,(ppy). Formic acid is
a key intermediate product [Reaction (7)]:

HCOOH rewhst g+ co, (7)

During the dehydrogenation process of methanol and form-
aldehyde, NAD" is sacrificed and produces NADH continuously
(purple arrows in Scheme 1b). Continuous accumulation of
NADH has a negative influence on both methanol dehydro-
genation and formic acid generation. Because NAD ™ is the key
coenzyme for the alcohol dehydrogenase and aldehyde dehy-
drogenase, we employed formate dehydrogenase to convert
NADH into NAD*, which was accompanied by formic acid gen-
eration (green arrows in Scheme 1b). This is the CO, hydroge-
nation process [Reaction (8)]:5*

NADH + H* + CO, 2% NAD* 4+ HCOOH (8)

Not only did we make the reaction system continuously
work through this method, but we also indirectly generated
more hydrogen from NADH. Therefore, this method converts
methanol into hydrogen absolutely through ingenious design
(Scheme 1). As the enzymes and the Ir catalyst could work at
room temperature, hydrogen production from methanol could
be realized under mild condition (Figure S1).

Reaction activities of the dehydrogenases at different sub-
strate concentrations

As shown in Scheme 1, the enzymes played an important role
during methanol dehydrogenation and formic acid generation.
So, research of the enzymes is necessary to help us evaluate
the feasibility of hydrogen generation through the designed
process outlined in Scheme 1. Additionally, this research would
also contribute to determining the substrate concentration in
the initial reaction solution, such as the concentrations of
methanol and KHCO;. One unit (U) is defined as the amount of
enzyme that catalyzes the conversion of 1 micromole (umol)
substrate per minute. There are great differences in the purities
of enzymes among different suppliers, so the enzyme activity
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based on unit is convenient for different research groups to
repeat experiments and to compare the catalytic activity.

Figure 1a shows the variation in the UV/Vis absorbance
spectra of NADH over time during methanol dehydrogenation,
which is indicative of the catalytic dehydrogenation of metha-
nol by the ADH [Reaction (5)]. Moreover, the dehydrogenation
rate was greatly affected by the concentration of CH,OH. Fig-
ure 1b shows that the initial dehydrogenation rate increased
rapidly at low concentrations of methanol and then reached a
saturation value (44.9 pmolmin~"'g,py ") at high concentrations
of methanol (>260 mm). This saturation concentration is also
consistent with the Michaelis constant (130 mm) of the ADH
for methanol. To achieve a high and stable reaction rate for
the catalytic dehydrogenation of CH;OH by ADH, the CH;OH
concentration should be higher than 260 mm. Therefore,
400 mm CH,OH was typically used in the following research.

Figure 1c exhibits the reaction rate for HCHO dehydrogena-
tion at different HCHO concentrations. The reaction rate for
HCHO dehydrogenation shows a volcano shape versus HCHO
concentration. The peak dehydrogenation rate reaches
8.61 umolmin~" gaon ' at 1.01 mm HCHO. At HCHO concentra-
tions lower than 1.01 mm, the reaction rate increased with an
increase in the HCHO concentration. However, the reaction
rate decreased dramatically if the HCHO concentration exceed-
ed 1.01 mm, which indicated that a high concentration of
HCHO inhibited the catalytic activity of the ALDH. In addition,
we found that too much HCHO also inhibited the catalytic ac-
tivity of ADH and FDH (Figures S2 and S3), because a high con-
centration of HCHO damaged the protein irreversibly and re-
sulted in a loss of protein activity.

We employed FDH to convert NADH back into NAD* and to
produce formic acid simultaneously [Reaction (8)]. Figure 1d
shows the variation in the UV/Vis absorbance spectra of NADH
over time during the hydrogenation of CO,, which is indicative
of the production of formic acid by FDH. Figure 1e shows that
the reaction rate increased drastically with an increase in the
KHCO; concentration and then reached a stable reaction rate
(1.66 umol min~'kU™") after the KHCO, concentration exceeded
20 mm. To accelerate the initial reaction rate of the total pro-
cess, 20 mm KHCO; was usually added in the reaction solution
to favor Reaction (8).26

Critical catalyst for formic acid decomposition

As shown in Scheme 1, the Ir catalyst is critically important for
hydrogen generation from the decomposition of formic acid.
Unlike ordinary formic acid decomposition in water, the Ir cata-
lyst needs to work in a much more complex solution contain-
ing formaldehyde, enzymes, a coenzyme, and glutathione. To
make the whole reaction system work effectively, the Ir catalyst
should have many unique characteristics. First, the Ir catalyst
should have high catalytic activity at low temperature. Second,
the activity of the Ir catalyst should not be inhibited by en-
zymes, the coenzyme, or poisoning chemicals (e.g., gluta-
thione, thiols, cysteine, or mercaptosuccinic acid). Third, the Ir
catalyst should have no negative effect on the enzymes and

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

& ChemPubSoc CHEMSUSCHEM
bt Europe Full Papers
a b c
ADH o 18
300 NAD*—» NADH '3 2 —
S 40F 3 10
£ &
£ E 5
o 20+ =
5 £
= 3 0
z : 12‘ .0 10k 20k 30k
0 E O 1 1 1 1 % 0
280 320 360 400 0 100 200 300 400 Z 70 400 800 1200
A(nm) Cehgon (MM) Chicto (M)
d 150 e 2
FDH T
NADH — NAD* g
& |
%_ 100 + *E
= E1l
2 s
e B0 5 E p
5
20 ' '
290 340 390 0 100 200
A (nm) Ckrcog (MM)

Figure 1. Catalytic activity of ADH, ALDH, and FDH. a) Variation in the UV/Vis absorbance spectra of NADH versus time during methanol dehydrogenation by
ADH. Conditions: pH 8.4, 400 mm CH;OH, 30 U ADH, 400 um NAD*. b) Reaction rate of CH;OH dehydrogenation at different CH;OH concentrations. Condi-
tions: 346 um NAD™", 16 U ADH, pH 9.0. c) Reaction rate of HCHO dehydrogenation by ALDH at different HCHO concentrations. Conditions: 159 um NAD™,
0.63 U ADLH, pH 8.4. d) Variation in the UV/Vis absorbance spectra of NADH versus time during CO, catalytic hydrogenation to HCOOH by the FDH. Condi-
tions: 120 pm NADH, 8 U FDH, 3 mm KHCO;, pH 5.8. e) Reaction rate of CO, catalytic hydrogenation by the FDH at different KHCO; concentrations. Condi-
tions: 130 pm NADH, 8 U FDH, pH 7.3. All experiments were performed in phosphate buffer (500 uL) at 25°C.

coenzyme in the reaction system. In brief, the Ir catalyst must {/ \5 FeCly/CH30H J\ [I(Cp*)(Cl2)2]2/K2CO3 A
—_—
have high activity and compatibility. N 10°C N DMF/heat N
" . H H n I n
Although we have reported many catalysts for the efficient CI/I\F\CI

decomposition of formic acid since 2008,2"3*33% those cata- Cp*
lysts do not possess all of the abovementioned characteristics.
For example, glutathione and mercaptosuccinic acid are poi-
sonous to many metal catalysts, whereas these sulfhydryl com-
pounds are essential to activate the ALDH.*" Additionally, gen-  cles could be found on the surface of the catalyst. The mor-
erated formaldehyde can also poison metal catalysts. There-  phology of Cp*IrCl,(ppy) is similar to that of the as-synthesized
fore, we employed the reported polymer complex catalyst polypyrrole precursor (Figure S5a) but is clearly difference
Cp*IrCl,(ppy), which possesses high catalytic activity and selec-  from that of polypyrrole-supported Ir nanoparticles (Fig-
tivity for formic acid decomposition® (Scheme2). The ure S5c). Figure 2b shows that Cp*IrCl,(ppy) has high catalytic
Cp*IrCl,(ppy) catalyst was synthesized through the procedure  activity for formic acid decomposition, as it can achieve an ini-
shown in Scheme 2 (see Figure S4 for details). tial turnover frequency (TOF) of 725 h™" at 35°C and can retain

Figure 2a shows a typical transmission electron microscopy  high catalytic activity for at least 700 min; the conversion rate
(TEM) image of the Cp*IrCl,(ppy) catalyst. No metal nanoparti-  of formic acid was 39.6% after 700 min. Moreover, Figure 2¢

Scheme 2. Schematic illustration for the synthesis of Cp*IrCl,(ppy).
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Figure 2. Morphology and catalytic activity of Cp*IrCl,(ppy). a) TEM image of Cp*IrCl,(ppy). b) Gas evolution in 1.0m HCOOH catalyzed by Cp*IrCl,(ppy)
(2.3 mg) versus time. c) TOF values and Arrhenius plot at different temperatures, [HCOOH] = 1.0m, [HCOOH]/[HCOONa] = 1. The amount of catalyst used in
the reaction was 4.0 mg, and the reaction solution was 5 mL.
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shows that the TOF of Cp*IrCl,(ppy) reaches up to 33100 h™'
at 80°C. Ln(TOF) has a linear relationship with 1/T, and conse-
quently, the activation energy (E,) of the reaction was calculat-
ed to be (64.0+3.6) kJmol™". This value is close to that of pre-
viously reported homogenous catalysts containing the Ir(Cp*)
group,®*? which indicates that Cp*IrCly(ppy) has a similar
active site for HCOOH dehydrogenation.

To prove that the Ir catalyst had no negative effect on the
enzymes or coenzyme, we mixed Cp*IrCl,(ppy) with the ADH,
ALDH, and FDH for 12 h before measuring the activities of the
enzymes. The enzymes maintained their original catalytic activ-
ities for their respective reactions (Figure S4). Therefore, the Ir
Cp*IrCly(ppy) catalyst had no negative effect on the activities
of the ADH, ALDH, and FDH.

Why does Cp*IrCl,(ppy) have so many unique characteris-
tics? We can attribute these characteristics to the unique struc-
ture and composition of Cp*IrCl,(ppy). First, Cp*IrCl,(ppy) is a
kind of complex catalyst that has high activity and selectivity
for HCOOH dehydrogenation. Second, the catalytic iridium
core is strongly capped by Cp* and polypyrrole, which pre-
vents catalyst poisoning by enzymes, coenzymes, and chemi-
cals in the reaction solution. Third, the TEM image shows that
Cp*IrCly(ppy) has an amorphous structure that is inherited
from polypyrrole. The average pore size of Cp*IrCl,(ppy) is
11.4 nm (Figure S6). The porous structure provides highly effi-
cient access for mass transfer during HCOOH dehydrogenation.
Fourth, polypyrrole is a thermally stable polymer that is insolu-
ble in most common solvents and has fine biological compati-
bility. Therefore, it is widely used in many fields, such as in lith-
ium storage, CO, capture, Li,S cathodes, electrochemical reduc-
tion of carbon dioxide, hydrogen peroxide decomposition, and
so on.*“ Hence, the Ir catalyst will not interact with the
active site of the enzymes and shows high compatibility with
enzymes.

Hydrogen generation from methanol at near-room tempera-
ture

Every ingredient in the reaction system is necessary to ensure
continuous hydrogen generation from methanol (Figure 3a).
To study the roles of the enzymes and catalyst in Scheme 1 to
prove that all of the enzymes and catalyst were necessary, we
performed a series of control experiments. Each experiment
lacked one ingredient compared with the standard experiment
in Figure 3a.

As hydrogen is only generated from the decomposition of
formic acid, the dehydrogenation of methanol is the most im-
portant step of the total process. Methanol was not converted
into formaldehyde by the ADH, and as such, none of the sub-
sequent reactions occurred. Consequently, no hydrogen was
generated through the decomposition of formic acid (Fig-
ure 3b).

In the absence of the ALDH, formic acid was not generated
from the dehydrogenation of formaldehyde, but NADH gener-
ated from the dehydrogenation of methanol could react with
CO, and H™" through catalysis by the FDH in solution, and this
process could also theoretically produce formic acid. However,
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Figure 3. H, generation from methanol. a) H, generation under standard
condition. Standard conditions without b) ADH, c) ALDH, or d) Cp*IrCl,(ppy).
Standard conditions: phosphate buffer (pH 7.75, 5 mL) containing 400 mm
CH,0H, 20 mm KHCO;, 4 mm NAD ™, Ir catalyst (4 mg), 50 U FDH, 1 U ALDH,
and 30 U ADH, N, atmosphere, 30 °C. n(H,0)/n(CH;0H) =137.5.

no hydrogen was detected by GC even after 600 min (Fig-
ure 3¢). Consequently, formic acid production through CO, hy-
drogenation was not very efficient in the absence of the ALDH,
whereas in our previous research, the process was efficient
(Figure 1d). This was because generated formaldehyde low-
ered the catalytic activity of the FDH (Figure S4). Actually,
HCHO is a nightmare for many enzymes, and a high concentra-
tion of formaldehyde even decreased the catalytic activity of
the ALDH (Figure 1¢), not to mention those of the ADH and
FDH (Figures S2 and S3). In our previous work, we employed
chemical catalysts to convert NADH into NAD" and hydrogen
directly, but their catalytic activity was not inhibited by formal-
dehyde. Therefore, a trace amount of hydrogen was detected
after 350 min through the dehydrogenation of NADH.B¥

If Cp*IrCl,(ppy) was missing, although formic acid was gen-
erated continuously, it was not catalytically decomposed into
CO, and H,. The decomposition of formic acid is the only
method for hydrogen generation. Accordingly, no hydrogen
was detected under these conditions (Figure 3d). As we re-
ported in previous work, if NADH was converted into NAD*
and H, directly, the hydrogen concentration increased slowly
after 200 min,®¥ because the decomposition of formic acid
was no longer the only method to generate hydrogen in this
process. Hydrogen generation from the dehydrogenation of
NADH is the other choice.

The dehydrogenation of NADH is the key step for continu-
ous hydrogen generation. In this experiment, we employed
the FDH for the conversion of NADH. If we did not take any
measures to convert NADH, a trace amount of hydrogen was
detected at the beginning of the reaction, but hydrogen was
not generated continuously,*” because NAD" was a necessary
coenzyme for the ADH and ALDH. Continuous consumption of
NAD™ decreased the reaction rates for the dehydrogenation of
methanol and formaldehyde, and the decomposition rate of
formic acid was indirectly affected.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Effect of temperature on hydrogen generation from metha-
nol

Enzymes are sensitive to reaction conditions, such as tempera-
ture, pH, and substrate concentration. As shown in Figure 1b,
if the methanol concentration exceeded 260 mm, the reaction
rate was optimal. Therefore, we only took the temperature and
pH into consideration for hydrogen generation from methanol.

Figure 4a shows hydrogen generation from methanol versus
time at different temperatures in phosphate buffer (pH 7.50).
Hydrogen continuously evolved for more than 600 min, which
proved that this strategy could effectively work under mild re-
action conditions. Because the amount of generated hydrogen
was linearly related to the reaction time, the whole system
reached a steady reaction state. The reaction rate was calculat-
ed by fitting the curve with a linear function. Then, the hydro-
gen generation rate was evaluated by the masses of the en-
zymes and the Ir catalyst. For example, the hydrogen genera-
tion rate was 17.8 umolh™" g, ' at 30°C, which implied that
the reaction solution generated 17.8 umol hydrogen per hour
and per gram enzymes and Cp*IrCl,(ppy).

Figure 4b shows that hydrogen production was strongly af-
fected by the reaction temperature. Two optimum tempera-
tures appeared at 25 and 30°C in the temperature-dependent
activity measurements. The optimum temperatures were
mainly attributed to the different optimum working tempera-
tures of the enzymes (i.e., ADH, ALDH, and FDH) and the
Cp*IrCly(ppy) catalyst. The first optimum temperature at 25°C
was consistent with the optimum working temperature of
ADH and ALDH (~25°C provided by Sigma-Aldrich). The
second optimum temperature at 30°C was a compromise and
was jointly determined by the three enzymes and the Ir cata-
lyst, because the optimum working temperature of the FDH
was up to 36°C (provided by the FDH supplier). In addition, a
higher temperature could favor the decomposition of formic
acid (Figure 2¢), which is the direct step for hydrogen genera-

tion. The highest hydrogen generation rate of
17.8 umolh™" g, ' was achieved at 30°C.
a
0.8
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Effect of pH value on hydrogen production from methanol

As all of the enzymes have their own optimum pH conditions,
the pH value may have a great influence on hydrogen genera-
tion. Figure 5a shows that hydrogen was generated continu-
ously for more than 600 min. Attributable to the mild reaction
conditions, the reaction rate did not decrease evidently. The
maximum catalytic activity appeared at pH 7.5, and the corre-
sponding hydrogen generation rate was 17.8 umolh™" g, ".

The respective optimum pH values of the enzymes and cata-
lyst jointly determined the optimum working pH values for hy-
drogen generation from methanol. Figure 5¢,d shows that the
activities of the ADH and ALDH increased upon increasing the
pH value, which indicated that the ADH and ALDH preferred
weak basic conditions for the dehydrogenation of methanol
and formaldehyde, respectively. However, Figure 5e,f shows
that the activities of the FDH and the Ir catalyst decreased
upon increasing the pH value, which indicated that the FDH
and Ir catalyst preferred weak acidic conditions for CO, hydro-
genation and formic acid decomposition, respectively.*™ There-
fore, the hydrogen generation rate of the whole reaction
system reached a maximum value at an optimum pH value. In
this research, the optimum pH value appears near neutral con-
ditions, that is, pH 7.5.

Conclusions

In this work, we successfully designed a strategy for the com-
plete conversion of methanol into hydrogen at near-room tem-
perature. The strategy involved two processes: CH;OH—
HCOOH—H, and NADH—HCOOH—H,. In the first process
(CH;0H—HCOOH —H,), methanol was converted into formic
acid by the cooperation of two dehydrogenases, they are alco-
hol dehydrogenase (ADH) and aldehyde dehydrogenase
(ALDH). Then, formic acid was dehydrogenated to H, and CO,
by Cp*IrCl,(ppy) (Cp* =pentamethylcyclopentadienyl, ppy=
polypyrrole), which is a kind of polymer complex catalyst for
formic acid dehydrogenation. Moreover, the dehydrogenation
of methanol and formaldehyde consumed NAD" and generat-
ed more NADH. Thus, in the second process (NADH—
HCOOH —H,), we employed formate dehydrogenase (FDH) to
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Figure 4. Effect of temperature on H, generation from methanol. a) H, production versus time at three different temperatures. b) Effect of temperature on H,
generation rate. The reaction was performed in phosphate buffer (pH 7.5, 5 mL) containing 400 mm CH;OH, 20 mm KHCO,, 4 mm NAD™, Ir catalyst (4.0 mg),
50 U FDH, 1 U ALDH, and 30 U ADH. The reaction was protected under a N, atmosphere. n(H,0)/n(CH;OH)=137.5.
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Figure 5. Effect of pH value on H, generation from methanol. a) H, produc-
tion versus time at three pH values. b) Effect of pH on H, generation rate.
Conditions: phosphate buffer (5 mL) containing 400 mm CH,OH, 20 mm
KHCO;, 4 mm NAD*, Ir catalyst (4 mg), 50 U FDH, 1 U ALDH, and 30 U ADH,
N, atmosphere, 30°C. ) Effect of pH on the catalytic activity of the ADH.
Conditions: 400 um NAD*, 400 mm CH;OH, phosphate buffer (500 pL), 30 U
ADH, 25°C. d) Effect of pH on the catalytic activity of the ALDH. Conditions:
159 pum NAD*, 506 um HCHO, phosphate buffer (500 pL), 0.63 U ADLH,
25°C. e) Effect of pH on the activity of the FDH for CO, hydrogenation. Con-
ditions: 130 um NADH, 3 mm KHCO;, phosphate buffer (500 uL), 8 U FDH,
25°C. f) Effect of pH on the activity of the catalyst for HCOOH dehydrogena-
tion. Conditions: 2m HCOOH, Ir catalyst (4 mg), 30°C, 5 mL reaction solution.
The arrows in panels c-f indicate the direction of increasing pH values.

convert NADH back into NAD' and to convert CO, into
HCOOH simultaneously. Then, formic acid was decomposed to
hydrogen and CO, by the Ir catalyst. As the enzymes and the Ir
catalyst worked at room temperature, hydrogen production
from methanol could be achieved under mild conditions. This
research also revealed that the hydrogen generation rate was
strongly affected by the reaction temperature and pH value.
The optimum temperature and pH appeared at 30°C and 7.50
respectively, and the corresponding hydrogen generation rate
reached up to 17.8 umolh™'g..~'. The optimum temperature
and pH value were attributed to the different optimum work-
ing temperatures and pH values of the enzymes (i.e., ADH,
ALDH, and FDH) and the Ir catalyst. The strategy in this re-
search should inspire other methods for hydrogen production
from small organic molecules (e.g., ethanol and ethylene
glycol) or biomass (e.g. glucose, starch, and cellulose). The re-
sults and knowledge obtained from this research should have
a large impact on hydrogen storage, production, and applica-
tions.
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HE-ER

Methanol-Water Aqueous-Phase
Enzyme time: A new strategy is de- cal catalyst and provides inspiration for Reforming with the Assistance of
signed to convert methanol into hydro- hydrogen production from other small Dehydrogenases at Near-Room
gen at near-room temperature. This organic molecules or biomass. Temperature
strategy involves two processes: FDH =formate dehydrogenase,
CH;0H—HCOOH—H, and NADH— Cp* =pentamethylcyclopentadienyl,
HCOOH —H,. This method is synergisti- ppy = polypyrrole.

cally realized by enzymes and a chemi-
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